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1.1 Introduction 
Increased awareness about the environment and public health has caused the scientific community to 
reconsider traditional chemical processes. Instead of using toxic organic solvents for the synthesis of 
molecules, environmentally benign solvents, such as water, are being explored as sustainable 
alternatives. Realization of this concept poses, however, some major challenges on the design of the 
reaction. Low solubilities of substrates as well as poor activities of catalysts in aqueous solvents are 
important issues that need to be addressed prior to a successful implementation of water in the field 
of homogeneous catalysis.  
In order to meet this demand, water-soluble catalysts have been developed that exhibit high turnover 
rates for various catalytic reactions, such as aqueous cross-coupling reactions, hydrogenations, 
oxidations, hydroformylations, and metathesis reactions.1 The activities and selectivities obtained 
with these catalysts are often comparable and sometimes even superior to the performances of 
homogeneous catalysts in organic solvents, which underline the potential of the concept. However, 
contrary to the numerous examples about aqueous catalysis of achiral reactions are the relatively few 
reports about aqueous asymmetric catalysis. An explanation can be found in the chiral transition 
state of enantioselective reactions which is easily disrupted through the interaction with water 
molecules, causing the enantioselectivity of the reaction to plummet. Hence, in order to keep the 
chiral selectivity of the catalyst to an appropriate level the contact between water and the catalyst has 
to be minimized. Nanoreactors, chemical reactors whose size falls within the nanometer regime, 
provide a solution to this problem by enabling a site-isolated environment for the catalyst whilst 
maintaining an easy access to substrates.  
In this Chapter three different classes of nanoreactors for aqueous asymmetric reactions are being 
discussed. The first category concerns micellar assemblies in which a metal or organocatalyst is 
encapsulated. The chirality in these nanoreactors is dictated by the chirality of the ligand or 
organocatalyst. The second species employs artificial metalloenzymes in which the chirality is 
provided by the second coordination sphere of the biomolecular scaffold. Both proteins and DNA 
can serve as a platform for this kind of asymmetric catalysis. The third section will summarize the 
encapsulation of chiral catalysts in supramolecular structures other than micelles. Although some 
nanoreactors will be discussed in detail, the aim of this review is to give the reader a flavor of the 
research in compartmentalized asymmetric aqueous catalysis which is currently being pursued. We 
refer to the excellent reviews of Oehme2 and Lewis3 for comprehensive overviews in the particular 
fields. 
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1.2 Micellar assemblies  
Among the most simple and effective supramolecular architectures for the site-isolation of catalysts 
in water are micelles. In general, they consist of amphiphilic molecules that arrange themselves in a 
spherical configuration in order to reduce the high surface tension between water and the 
hydrophobic tail of the molecule. The fact that micelles can accelerate certain types of reactions has 
already been known since the 1960s, but it was not until 1992 when Oehme and coworkers 
discovered that the presence of surfactants could help to increase the enantioselectivity of a reaction 
in water.4 They performed an asymmetric hydrogenation reaction by suspending (Z)-methyl 2-
acetamido-3-phenylacrylate 1 in an aqueous solution together with a rhodium bisphosphonite 
catalyst and a small amount of SDS or Triton X-100 (Table 1, Figure 1).  
 
Figure 1. Overview of surfactants employed in micellar catalysis 
Three chiral ligands were tested, (2S,4S)-1-tert-butoxycarbonyl-4-diphenylphosphino-2-
(diphenylphosphinomethyl)pyrrolidine (3), (−)-2,3-O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane (4), and phenyl 2,3-O-bis(diphenylphosphino)-β-D-glucopyranoside 
(5) (Figure 2), which were known to give high activities and enantioselectivities for the 
hydrogenation reaction in organic solvents (Table 1, entries 1, 7, 11). In water the reaction rate and 
enantioselectivity dropped drastically as a result of the hydrophilic environment (entries 2, 12), yet 
the addition of sufficient amounts of SDS or Triton X-100 led to an almost full recovery (entries 3–
6, 8–10, 13–16). Later, it was shown that the enantioselectivity was highly dependent on the nature 
of the surfactant (Figure 1).5 Anionic amphiphiles, such as SDS, form a stable salt with the cationic 
catalyst, which results in a high encapsulation efficiency. The hydrogenation reaction will therefore 
take place exclusively inside the hydrophobic core of the micelles, giving rise to high 
enantioselectivities. For neutral or cationic surfactants the catalyst will be more dispersed in the 
aqueous phase which generally leads to lower enantiomeric ratios. Other parameters that have a 
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strong impact on the selectivity of the reaction are the hydrophobicity of the substrate6, the critical 
micelle concentration (cmc) and the conformation of the catalyst.7 
 
Figure 2. Ligands applied in the asymmetric hydrogenation reaction of 1. 
Table 1. Enantioselective hydrogenation of (Z)-methyl 2-acetamido-3-phenylacrylate. 
 
Entry Solvent Ligand Surfactant (mol%) t/2 (min) Conv. 
(%) 
Ee (%) Config. 
1 MeOH 3 -     1 100 93 (R) 
2 H2O: MeOH (14:1) 3 - 150   84 48 (R) 
3 H2O: MeOH (14:1) 3 SDS, 1   32   90 61 (R) 
4 H2O: MeOH (14:1) 3 SDS, 20     6 100 96 (R) 
5 H2O 3 Triton X-100, 1   35   98 87 (R) 
6 H2O 3 Triton X-100, 25     9   97 90 (R) 
7 MeOH 4 -     1 100 67 (R) 
8 H2O 4 SDS, 1   50 100 34 (R) 
9 H2O 4 SDS, 50     6 100 67 (R) 
10 H2O 4 Triton X-100, 200     8 100 58 (R) 
11 MeOH 5 -     3.4 100 95 (S) 
12 H2O 5 - 360 100 84 (S) 
13 H2O 5 SDS, 35   66 100 94 (S) 
14 H2O 5 SDS, 173     6.4 100 97 (S) 
15 H2O 5 Triton X-100, 3   65 100 95 (S) 
16 H2O 5 Triton X-100, 10   20 100 95 (S) 
 
Surfactants have also been successfully applied in aqueous asymmetric transfer hydrogenations. 
Chung and coworkers discovered that the addition of a small amount of SDS had a dramatic effect 
on the rate of the asymmetric transfer hydrogenation of aromatic ketones in water, providing the 
corresponding alcohols 7 with conversions up to 99% and ee’s up to 94% (Scheme 1).8  
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Scheme 1. Asymmetric transfer hydrogenation reaction of aromatic ketones 6.  
This reaction was repeated by Wang et al. who used a modified Noyori-Ikariya catalyst (TsDPEN-
Rh) to induce enantioselectivity in the asymmetric transfer hydrogenation.9 Besides aromatic methyl 
ketones also α-bromomethyl aromatic ketones could be employed as substrates and the best results 
were obtained with a 2:1 mixture of surfactants SDS and CTAB. The versatility of the catalytic 
system was furthermore demonstrated when the substrate scope was extended to imines and 
iminium ions.10 Based on these results the same research group continued their investigations 
towards the development of a chiral surfactant that could catalyze asymmetric transfer 
hydrogenations.11 For this reason, TsDPEN was functionalized with two trimethylammonium 
moieties and a long alkyl tail (Scheme 2). Complexing this ligand to a rhodium catalyst in an 
aqueous solution allowed them to conduct the asymmetric transfer hydrogenation reaction of 
aliphatic ketones 9 with excellent conversions and enantioselectivities.  
 
Scheme 2. Asymmetric transfer hydrogenation reaction of aliphatic ketones 9.  
An early version of this concept was reported by Kobayashi and coworkers when they developed a 
Lewis acid-surfactant-combined catalyst (LASC) to conduct asymmetric aldol reactions in aqueous 
media.12 These LASCs contain an active metal catalyst which is connected to a long hydrocarbon 
sulfate or sulfonate ligand. When copper-bis(dodecyl sulfate) (Cu(DS)2) was used in combination 
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with a chiral bis(oxazoline) ligand and a Brønsted acid, aldol adduct 14 was obtained with a yield of 
76% and an ee of 69% (Scheme 3).  
 
Scheme 3. Lewis acid-surfactant-combined-catalyzed asymmetric aldol reaction. 
Aqueous asymmetric aldol reactions have gained increasing attention since the discovery that small 
organic molecules, such as proline, are able to catalyze these reactions with high efficiencies and 
selectivities. Cheng and coworkers tested the effect of different surfactants on the yield of the 
proline-catalyzed aldol reaction between acetone and 4-nitrobenzaldehyde in water and found out 
that the activity of the catalyst was substantially increased when anionic surfactants SDS or SDBS 
were added to the reaction mixture (Table 2).13 It was stated that the observed yields were even 
higher than those of the corresponding reactions in organic solvents; however, the enantioselectivity 
was not determined for this reaction.   
Table 2. Surfactant-enhanced asymmetric aldol reaction in water 
 
Entry Surfactant Time (h) Yield (%) Entry Surfactant Time (h) Yield (%) 
1 H2O 120 15   6 Triton X-100 120 Trace 
2 SDS   24 87   7 CTAB 120        7 
3 SDS 120 12   8 OTAC 120 Trace 
4 SDBS     5 87   9 DDBAC 120      29 
5 SLS   60 63 10 DTAC 120 Trace 
 
A few years later, Barbas III and coworkers studied the aqueous organocatalyzed asymmetric aldol 
reaction in more depth when they applied amphiphilic pyrrolidine 21 as a catalyst in the reaction 
between cyclohexanone and 4-nitrobenzaldehyde.14 In addition to an improved diastereoselectivity 
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compared to the organocatalyzed reaction in DMSO, they observed an increase in enantioselectivity 
(Scheme 4). The site-isolating nature of the hydrophobic tails was proven by employing diamine 22 
as a catalyst. Although it efficiently catalyzed the reaction in DMSO only starting material was 
recovered in water. Lipshutz and coworkers further optimized this reaction through the attachment 
of L-proline to a coenzyme Q10-derived surfactant PQS.15 With this catalyst in hand they could carry 
out the asymmetric aldol reaction between cyclohexanone and 4-nitrobenzaldehyde in excellent 
yields, diastereoselectivities and enantioselectivities, even without the addition of a strong acid. 
Furthermore, they showed that the catalyst could be recycled “in-flask” which allowed the reaction 
to be run up to four cycles with virtually no loss in yield or selectivity (Table 3). 
 
Scheme 4. Pyrrolidine-catalyzed asymmetric aldol reactions. 
Table 3. In-flask recycling of catalyst 23. 
 
Run  Yield (%) Anti/syn Ee (%) 
1 94   92/8 96 
2 94   91/9 96 
3 93   91/9 96 
4 91 90/10 96 
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In addition to classical surfactants, such as SDS or Triton X-100, which form relatively small 
micelles, amphiphilic block copolymers can constitute well-defined aggregates in aqueous media. 
O’Reilly and coworkers exploited this characteristic to prepare polystyrene-poly(acrylic acid) (PS-
PAA) and poly(methyl methacrylate)-poly(methacrylic acid) (PMMA-PMA) block copolymers 
functionalized with L-proline catalysts (Figure 3).16 Once the polymers were subjected to a solvent 
switch from DMF to water spherical core-shell micelles of around 18 nm were generated. Because 
the catalyst was tethered in the hydrophobic core of the micelles, the asymmetric aldol reaction 
between 4-nitrobenzaldehyde and cyclohexanone could be performed with high yields, 
diastereoselectivities and enantioselectivities. Furthermore, the kinetics of the reaction were 
investigated which brought to light that the turnover number (TON) of the catalyst increased upon 
decreasing catalyst loadings (Table 4). The researchers attributed this phenomenon to a swelling of 
the micelle core by the larger amount of organic reagent used, as well as to the effective 
concentration of reagents within the micelle core. 
 
Figure 3. Chemical structures of L-proline-functionalized block copolymers 24 (a) and 25 (b).  
Table 4. Asymmetric aldol reaction catalyzed by polymeric catalysts 24 or 25.  
 
Entry Catalyst Cat. Load. (mol%) TON Anti/syn Ee (%) 
1 24 10   9   97/3 98 
2 24   5 16   95/5 94 
3 24   1 96   99/1 93 
4 25 10   6.5   99/1 92 
5 25   5 18   95/5 82 
6 25   1 96 89/11 85 
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Recently, the same group employed thermoresponsive polymers for the preparation of L-proline-
functionalized nanoreactors.17 By heating a solution of the polymer in water above the lower critical 
solution temperature (LCST) they obtained spherical micelles which were subsequently used in the 
asymmetric aldol reaction between 4-nitrobenzaldehyde and cyclohexanone. After the reaction was 
completed, the nanoreactors were disassembled by decreasing the temperature below the LCST of 
the polymer again, which resulted in precipitation of the product. A final centrifugation step 
separated the product from the polymer solution, which could then be reused in a next catalytic 
cycle.  
Nanoreactors consisting of functionalized block copolymers have also been applied as catalysts for 
the hydrolytic kinetic resolution (HKR) of terminal epoxides in water. Weberskirch and coworkers 
prepared these nanoreactors through the polymerization of 2-alkyl-2-oxazoline-based monomers 
followed by an ester coupling of the salen ligands to the pendant carboxylic acid moieties on the 
side-groups of the polymer.18 Subsequent steps involving complexation with Co(OAc)2·4H2O, 
oxidation and a solvent switch to water, afforded the active catalyst 26, which appeared as spherical 
aggregates with average diameters of 10-14 nm (Figure 4a). The hydrolytic kinetic resolution was 
tested with four different substrates and with varying catalyst loadings and reaction times. For each 
reaction, a nearly 1:1 mixture of diol and epoxide could be isolated after work-up, with both 
products displaying good to excellent enantioselectivities (Scheme 5). The sustainability of the 
system was demonstrated by a recyclability study in which the catalyst was reused for four 
consecutive cycles in which it did not show any loss in enantioselectivity.  
 
Figure 4. Chemical structures of Co-salen-functionalized block copolymers 26 (a) and 27 (b). 
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Scheme 5. Hydrolytic kinetic resolution of terminal epoxides catalyzed by 26.  
The same nanoreactors were slightly adapted by Weck and coworkers who introduced UV-
crosslinkable cinnamate side-groups in the amphiphilic block copolymers (Figure 4b).19 Once 
assembled, the Co(III)-salen micellar catalysts were cross-linked through irradiation with UV-light in 
order to provide external shielding against metal leaching or catalyst poisoning. With these 
nanoreactors in hand they were able to reproduce the results of the hydrolytic kinetic resolution 
experiments as performed by Weberskirch and coworkers. Moreover, they discovered that polymeric 
catalyst 27 exhibited substrate selectivity towards more hydrophobic substrates. When hydrophilic 
epoxides such as epichlorohydrin, allyl glycidyl ether, or (2,5,8,11-tetraoxadodecyl)oxirane were 
subjected to the HKR conditions, conversions and enantioselectivities were extremely low (Table 5, 
entries 1, 2, 8); however, applying hydrophobic substrates such as epoxyhexane, vinylcyclohexane 
oxide, or epoxytretradecane to catalyst 27 resulted in smooth conversions of the epoxides within 24 
h (entries 3, 4, 9). The authors ascribe this substrate selectivity to the hydrophobic environment 
inside the micelle which hampers diffusion of the more hydrophilic substrates. One-pot competition 
experiments between epoxyhexane and epichlorohydrin or phenyl glycidyl ether and allyl glycidyl 
ether provided further support for this hypothesis.  
Table 5. Hydrolytic kinetic resolution of terminal epoxides catalyzed by 27 
 
Entry R Cat. Load. (mol%) Time (h) Ee 29 (%) Conversion (%) 
1 CH2Cl 0.05 24     5   5 
2 CH2O-allyl 0.05 24     3   4 
3 n-butyl 0.05   8 >99 52 
4 c-hexyl 0.05 15 >99 52 
5 CH2OPh 0.05   5 >99 50 
6 CH2OBn 0.05   8 >99 51 
7 Ph 0.15 24   95 53 
8 CH2O(CH2CH2O)3CH3 0.05 24   <1 <1 
9 n-dodecyl 0.05 24 >99 53 
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Another asymmetric ring-opening reaction of epoxides in water was studied by Azoulay et al.20 By 
using scandium tris(dodecyl sulfate) (Sc(DS)3) as a Lewis acid-surfactant-combined catalyst (LASC) 
and a chiral bipyridine as ligand they were able to produce chiral β-amino alcohols out of meso-
epoxides and amines. Strukul and coworkers applied a Co(III)-salen catalyst in a micellar 
environment to conduct Baeyer-Villiger oxidations of cyclobutanones in water.21 High 
diastereoselectivities and enantioselectivities could be achieved by selecting the right type and 
concentration of surfactant, while the same catalyst in organic media was virtually inactive.   
The asymmetric synthesis of lactones in aqueous media has also been investigated by Lipshutz and 
coworkers.22 Their approach comprised an intramolecular hydrocarboxylation reaction of allenic 
acids catalyzed by a chiral gold catalyst. After some optimization studies they discovered that the 
combination of a chiral methoxy-BIPHEP ligand and a chiral TRIP counterion together with 3 wt% 
of a TPGS-750M designer ligand 34 provided the lactones in high yields and enantioselectivities 
(Scheme 6). The addition of minimal amounts of an additive (DMSO, benzene, toluene) was 
necessary to soften the highly crystalline nature of the solid substrates, which significantly lowered 
the reaction time of these reactions.   
 
Scheme 6. Asymmetric hydrocarboxylation of allenic acids catalyzed by gold catalyst 33.  
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1.3 Artifical metalloenzymes 
In contrast to the assemblies described in section 1.2 in which the micelle acts as a mere template for 
a chiral homogeneous catalyst, artificial metalloenzymes take advantage of the second chirality sphere 
of a protein or nucleic acid to induce high selectivity in asymmetric reactions in water. The concept 
of artificial metalloenzymes was already introduced in 1978 by Wilson and Whitesides when they 
exploited the extraordinary affinity of avidin for biotin to encapsulate a covalently linked biotin-
rhodium catalyst inside the hydrophobic pocket of the protein.23 With this artificial rhodium 
enzyme in hand they could achieve a modest enantioselectivity for the asymmetric hydrogenation 
reaction of N-acetyldehydroalanine (Scheme 7). 
 
Scheme 7. Asymmetric hydrogenation reaction of N-acetyldehydroalanine catalyzed by an avidin-37 complex.  
After this pioneering work the field went dormant for more than two decades until Ward and 
coworkers showed renewed interest in the concept.24 They discovered that the enantioselectivity of 
the reaction could be improved by exchanging avidin for streptavidin (Sav), which contains a deeper 
binding pocket. Furthermore, they optimized the chiral environment in the proximity of the binding 
site by site-directed mutagenesis, which raised the enantioselectivity of the reaction to 96%.  
The biotin-(strept)avidin technology was later employed by the same group to construct artificial 
metalloenzymes for the enantioselective transfer hydrogenation of aromatic ketones.25 A [ƞ6-
(arene)Ru(ligand)Cl] complex containing a biotinylated aminosulfonamide ligand was anchored to 
single and double mutants of streptavidin and subsequently introduced to an aqueous solution of 
acetophenone derivatives, boric acid and sodium formate. It was shown that both the structure of 
the ligand as the chiral environment of the hydrophobic pocket had a crucial effect on the yield and 
selectivity of the reaction. By selecting the right mutants (Sav, Sav P64G or Sav P64G S112G) and 
capping arenes (p-cymene or benzene) enantioselectivities up to 63% for the (S)-enantiomer and 94% 
for the (R)-enantiomer could be obtained (Table 6). A follow-up study in which 20 streptavidin 
isoforms were screened led to the discovery of novel artificial metalloenzymes that could catalyze the 
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asymmetric transfer hydrogenation of a broad range of methyl aryl and methyl ketone substrates 
with excellent enantioselectivities.26  
Table 6. Asymmetric transfer hydrogenation of aromatic ketones catalyzed by a streptavidin-40 complex. 
 
Entry R1 R2 R3 Protein Temp. (˚C) Time (h) Conv. (%) Ee (%) 
1 H iPr Me Sav 45 40   40 66 (R) 
2 H H H Sav 45 40   30 63 (S) 
3 H iPr Me Sav 55 64   82 68 (R) 
4 H iPr Me P64G Sav 55 64   90 85 (R) 
5 Br iPr Me P64G Sav 55 64   92 89 (R) 
6 Me iPr Me P64G Sav 55 64   97 94 (R) 
7 H iPr Me P64G S112G Sav 55 40 100 67 (R) 
8 Br iPr Me P64G S112G Sav 55 40 100 88 (R) 
9 Me iPr Me P64G S112G Sav 55 40 100 90 (R) 
10 Me H H P64G Sav 45 64   34 57 (S) 
11 Me H H P64G Sav 55 64   44 44 (S) 
 
Artificial transfer hydrogenases (ATHase) have also been applied in the asymmetric transfer 
hydrogenation of cyclic imines.27 Dürrenberger et al. used a [(ƞ5-Cp*)Ir(Biot-p-L)Cl] complex 43 
together with streptavidin to produce salsolidine 42 out of cyclic imine 41 (Scheme 8). Interestingly, 
it was observed that the introduction of a small hydrophobic amino acid at position 112 (S112A or 
S112G) provided the highest (R)-selectivity while the presence of a large cationic residue at this 
position (S112K or S112R) predominantly gave the (S)-enantiomer. Improvements in activity of the 
asymmetric imine reductase were realized though the introduction of a lipophilic amino acid near 
the catalytic site28 or the selective positioning of a histidine residue to create an additional anchor 
point for the metal complex.29  
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Scheme 8. Asymmetric transfer hydrogenation of cyclic imines catalyzed by a streptavidin-43 complex 
Besides asymmetric reductions, artificial metalloenzymes have proven their effectiveness in C-C 
bond forming reactions. Ward and coworkers reported the asymmetric allylic alkylation of 1,3-
diphenylallylacetate with dimethyl malonate catalyzed by a palladium-biotin-streptavidin complex.30 
Later, the same group designed a biotinylated Rh(III) complex bound to streptavidin, capable of 
performing C-H activation reactions on selected substrates.31 To this end, streptavidin was mutated 
at position 121 with a glutamate residue and a [RhCp*Cl2]2 catalyst was covalently attached to a 
biotin moiety (Scheme 9). Once the dimer was docked in the active site of the engineered 
streptavidin the carboxylate of the glutamate residue could act in concert with the rhodium complex 
in activating the C-H bond of benzamides 44. Together with the addition of alkenes 45 this 
afforded dihydroisoquinolones 46 in high yields, regiomeric and enantiomeric ratios.  
 
Scheme 9. Asymmetric C-H bond activation of benzamides catalyzed by a streptavidin-47 complex. 
Watanabe and coworkers pursued a different approach to create artificial metalloenzymes.32 Instead 
of using the biotin-(strept)avidin technology, they inserted a metal-salen complex into the chiral 
cavity of apo-myoglobin, that is myoglobin of which the heme group has been removed. In order to 
increase the binding affinity of the ligand with apo-myoglobin and enhance the access of substrates 
and oxidants to the active site, the enzyme was mutated at two distinct locations. Applying this 
mutant apo-myoglobin-50 complex together with external oxidant H2O2 to an aqueous solution of 
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thioanisole, the researchers demonstrated that the thiol could be oxidized to (S)-methylphenyl 
sulfoxide with moderate enantioselectivity (Scheme 10). 
 
Scheme 10. Asymmetric sulfoxidation of thioanisole catalyzed by an apo-myoglobin-50 complex. 
The enantioselectivity of this reaction was improved in the following years through modifications of 
the ligand,33 covalent anchoring of the metal complex34 and alterations of the attachment sites in the 
protein.35 Other proteins have also been applied as scaffolds for the asymmetric sulfoxidation of 
thiosanisole, such as serum albumin36 and phytase.37 The former protein was turned into an artificial 
metalloenzyme through the noncovalent insertion of Mn or Fe corroles inside the active site, while 
phytase could be switched into a peroxidase through the incorporation of a vanadate (VO4)3- ion. 
The latter metal was also used in combination with streptavidin to prepare an artificial peroxidase. 
Up to 93% enantioselectivity was achieved in the sulfoxidation of methyl-2-naphthylsulfide with 
tert-butyl hydroperoxide (tBuOOH).38  
A novel strategy for the construction of artificial oxygenases was executed by Esmieu et al.39 They 
took advantage of the ability of a periplasmic nickel-binding protein NikA to bind iron complexes 
with N2Py2 ligands, which are known for their catalytic sulfoxidation properties. A crystal structure 
of a NikA metalloenzyme containing catalyst 53 was resolved, which allowed them to perform a 
molecular docking study to screen for potential substrates. By setting a constraint on the distance 
between the iron atom in the metal complex and the sulfur atom of the substrate they were able to 
identify a set of molecules that contained an Ar-S-CH2-CONH-Ph motif. Six of these substrates 
were tested in the aqueous sulfoxidation reaction with sodium hypochlorite. The experimental 
outcome confirmed the predictions of the docking method, providing sulfoxides 52 with relatively 
high turnover numbers and chemoselectivities (Scheme 11); however, only poor enantioselectivities 
were observed. 
Chapter 1 
 
 
 
24 
  
 
Scheme 11. Asymmetric sulfoxidation of substrates 51 by the NikA-53 hybrid complex. 
Roelfes and coworkers took this concept one step further and developed a de novo designed artificial 
metalloenzyme through the creation of an active site on the dimer interface of Lactococcal multidrug 
resistance Regulator (LmrR).40 LmrR was selected as protein scaffold because it contained a large flat 
hydrophobic pore which could theoretically fit a metal complex while leaving enough space for the 
binding of substrates. The metal complex, a Cu(II) phenanthroline catalyst, was anchored in the 
hydrophobic pocket of the dimer by a cysteine conjugation strategy. The resulting metalloenzyme 
was subsequently employed in a Diels-Alder reaction between alkene 54 and cyclopentadiene, which 
afforded product 56 in an excellent yield, diastereomeric and enantiomeric excess (Scheme 12). Later 
it was shown that the same artificial metalloenzyme could be applied as an artificial metallo-
hydratase in the conjugate addition of water to α,β-unsaturated ketones to generate chiral β-hydroxy 
ketones.41 Enantioselectivities up to 84% were achieved and mutagenesis studies furthermore 
revealed the importance of the chiral environment around the active site in the stereochemical 
outcome of the reaction.  
 
Scheme 12. Asymmetric Diels-Alder reaction catalyzed by a Cu-LmrR-57 complex. 
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In 2005 Feringa and Roelfes discovered that the chiral information of salmon testes DNA (st DNA) 
could be transferred to a metal-catalyzed reaction.42 A nonchiral ligand 58 was designed which 
contained a DNA intercalating moiety, a spacer, and a metal-binding group (Table 7). When this 
ligand was employed together with Cu(NO3)2 and st DNA in the Diels-Alder reaction between 
alkene 54 and cyclopentadiene it was observed that Diels-Alder product 56 could be recovered as a 
mixture of isomers with moderate to high enantioselectivities. The enantiomeric preference turned 
out to be highly dependent on the length of the spacer and the substituent on the metal-binding 
group. Additional tests with higher concentrations of reactants and different sources of DNA gave 
similar results, demonstrating the validity of the system. When the ligand was replaced for a 4,4’-
dimethyl-2,2’-bipyridine (dmbpy) it was possible to increase the enantioselectivity of the reaction 
to >99%.43 The authors explained this by the closer contact between the metal complex and the 
double helix which enhances the transfer of chiral information.    
Table 7. Asymmetric Diels-Alder reaction catalyzed by a Cu-DNA-58 complex 
 
Entry X n R Endo /exo Ee endo (%) Ee exo (%) 
1 H 3 1-naphthyl   98:2  49  18 
2 NO2 3 1-naphthyl   96:4  37  16 
3 OMe 3 1-naphthyl   98:2  48  24 
4 H 4 1-naphthyl   98:2  33  19 
5 H 5 1-naphthyl   97:3  <5  <5 
6 H 2 1-naphthyl   96:4 -48 -37 
7 H 3 3,5-dimethoxyphenyl   98:2 -37   -7 
8 H 2 3,5-dimethoxyphenyl   92:8 -37 -78 
9 NO2 2 3,5-dimethoxyphenyl 88:12 -47 -78 
10 OMe 2 3,5-dimethoxyphenyl   91:9 -53 -90 
 
The potential of DNA-based catalysis was further unveiled after the technology had been applied on 
asymmetric Michael reactions in water.44 By the mixing of dmbpy ligand 62, Cu(NO3)2 and st DNA 
in an aqueous solution, Roelfes and coworkers were able to produce Michael adducts 61 out of the 
corresponding α,β-unsaturated 2-acylimidazoles 59 and Michael donors 60 with nearly quantitative 
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conversions and enantioselectivities (Scheme 13). Mechanistic studies furthermore indicated that the 
DNA-based catalyst directed attack of the nucleophile on the Si phase of the Michael acceptor. 
 
Scheme 13. Asymmetric Michael reaction catalyzed by a Cu-DNA-62 complex. 
A variation of this concept was reported a few years later in a publication about a DNA-catalyzed 
asymmetric Friedel-Crafts reaction.45 Just by replacing the nucleophile for imidazole or indole 
derivatives Boersma et al. managed to accomplish a C-C bond forming reaction with α,β-
unsaturated 2-acylimidazoles 59 in good yields and enantioselectivities. Moreover, it was noted that 
for most substrates a self-complementary oligonucleotide d(TCAGGGCCCTGA)2 could match or 
exceed the enantiomeric excess of salmon testes DNA. A third application of this system was found 
when the nucleophile was omitted from the reaction. Instead of causing catalysis to cease, Roelfes 
and coworkers discovered that water could take over the role of nucleophile, producing β-hydroxy 
ketones with reasonable yields and good enantioselectivities.46 The hydration mechanism was 
supported by an experiment with deuterated water, which further revealed that the reaction occurred 
with a syn diastereospecificity. The latter characteristic, however, turned out to be the result of the 
copper salt and not of the chiral nature of DNA. 
In addition to double-stranded salmon testes DNA alternative DNA templates have been developed 
that could be used in conjunction with a metal as catalyst for asymmetric reactions in water. For 
instance, the application of G-quadruplex DNA-Cu hybrid catalysts provided a high control over the 
enantioselectivity of aqueous asymmetric Friedel-Crafts and Diels-Alder reactions.47 Another 
variation of DNA-based catalysis was published by the group of Jäschke in 2009. Rather than using 
ligands that intercalate in the double helix of DNA, they prepared an oligonucleotide strand 
containing a covalently attached diene ligand 66 (Scheme 14).48 Together with an iridium catalyst 
this complex could catalyze the asymmetric allylic amination of acetates 63 with morpholine in high 
yields. Despite the relatively poor enantioselectivity of the reaction, it was possible to reverse the 
stereoselectivity by the addition of a complementary RNA stand. Other permutations to the catalyst, 
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such as the introduction of bulges, also had a significant but unpredictable effect on the 
stereochemical outcome of the reaction.  
 
Scheme 14. Asymmetric allylic amination catalyzed by a Ir-DNA 66 complex 
1.4 Miscellaneous supramolecular nanoreactors 
This section describes a category of supramolecular nanoreactors that catalyze aqueous asymmetric 
reactions but cannot be classified as micelles. For instance, Fan and coworkers prepared a chiral 
dendritic bis(oxazoline)-copper(II) complex for the asymmetric catalysis of a Mukaiyama aldol 
reaction.49 The chiral bis(oxazoline) ligand was immobilized in the core of a Fréchet-type polyether 
dendrimer through a double alkylation step at the methylene bridge (Figure 5a). A complexation 
step with Cu(OTf)2 afforded the active catalyst which was subsequently dissolved in an aqueous 
solution together with benzaldehyde and silyl enol ether 68. After completion of the reaction β-
hydroxy ketone 69 could be isolated in a yield of 78% and with an enantiomeric excess of 64% 
(Scheme 15). Despite the location of the metal catalyst inside the hydrophobic core of the 
dendrimers, the authors could not observe an increase in reactivity or enantioselectivity with respect 
to the non-immobilized ligand. Other catalysts immobilized inside dendrimers showed similar 
results.50 
 
Scheme 15. Asymmetric Mukaiyama aldol reaction catalyzed by Cu-70 complex, 
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Figure 5. Chemical structures of ligands 70 (a) and 71 (b).  
The ability of β-cyclodextrins to sequester hydrophobic substrates has been exploited by the group of 
Woggon in enantioselective reductions catalyzed by Ru-β-cyclodextrin complexes.51 β-Cyclodextrin 
was functionalized with a chiral 1-amino-2-propanol ligand (Figure 5b) and together with 
[RuCl2(C6H6)]2 employed in the asymmetric transfer hydrogenation reaction of aromatic ketones 72 
(Scheme 16). Although a racemic ligand already produced the corresponding alcohols with a certain 
chiral bias, the enantioselectivity of the reaction could be increased up to 97% when β-cyclodextrin 
complex 71 was used. Aside from aromatic ketones, aliphatic ketones and α-ketoesters were tolerated 
as substrates to give the secondary alcohols in acceptable yields and with moderate to high 
enantioselectivities. The importance of the β-cyclodextrin was demonstrated by means of a control 
experiment in which the oligosaccharide was omitted from the reaction. Not only did the ee drop 
significantly compared to the Ru-β-cyclodextrin-catalyzed reaction, the stereochemical outcome was 
reversed as well. Another example of β-cyclodextrin-driven catalysis was published by Mojr et al.52 
They applied flavin-cyclodextrin conjugates as catalysts for the enantioselective sulfoxidation of 
thioanisoles.  
 
Scheme 16. Asymmetric transfer hydrogenation catalyzed by a Ru-β-cyclodextrin 71 complex 
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Similar to β-cyclodextrins, cavities of supramolecular hosts can encapsulate substrates to promote 
reactions in a selective manner. Raymond and coworkers developed a method to prepare enantiopure 
[Ga4L6]12- cages assembled around a tetramethylammonium ion.53 Upon addition of enammonium 
substrate 74, the authors observed that the Me4N+ ion was displaced by the substrate which 
subsequently underwent an aza-Cope rearrangement due to the reactive conformation of the ion in 
the [Ga4L6]12- cage. The product of the reaction was vulnerable for hydrolysis, which afforded neutral 
aldehydes that were no longer bound to the supramolecular host. In this way it was possible to 
achieve enantioselectivities up to 78% (Table 8). Fujita and coworkers also applied supramolecular 
cages as catalysts for asymmetric synthesis, but modified them in a slightly different way.54 They 
started off from a racemic self-assembled Pd6L4 cage which contained ethylenediamine end-caps on 
each palladium atom. When these end-caps were replaced with chiral diamines it appeared that the 
chiral environment of the cage was altered sufficiently to induce enantioselectivity in the [2 + 2] 
olefin cross photoaddition between fluoranthene and maleimide derivatives. Yields up to 55% and 
ee’s up to 50% were obtained. 
Table 8. Asymmetric aza-Cope rearrangement catalyzed by a supramolecular cage. 
 
Entry R1 R2 Time (h) T (˚C) Yield (%) Ee (%) 
1 H Me     2 50 45   0 
2 Et H     2 50 58 64 
3 H Et     2 50 69 25 
4 Pr H     2 50 68   9 
5 H Pr     2 50 21 23 
6 H iPr     2 50 74 60 
7 H iPr 192   5 49 78 
8 H nBu     2 50 82   6 
 
A novel concept to introduce hydrophobic domains in water was introduced by the research group 
of Meijer and Palmans.55 Their method entailed the use of polymers functionalized with benzene-
1,3,5-tricarboxamide (BTA) moieties that could self-assemble into helical stacks to form single-chain 
polymeric nanoparticles (SCPN). The authors envisioned that through the copolymerization of the 
BTA-polymer with L-proline-derived methacrylate monomers, a nanoreactor would be afforded that 
could catalyze asymmetric aldol reactions in water.56 For this reason, polymer 76 was synthesized 
containing 5% of L-proline as catalytic units, 10% of BTA as structuring elements, and 85% of 
Chapter 1 
 
 
 
30 
  
oligo(ethylene glycol) units as solubilizing agents (Figure 6a). The folding of the polymer was 
triggered by reducing the temperature of a solution of 76 from 80 ˚C to rt. Next, the catalytic 
performance of the SCPNs was assessed through a model asymmetric aldol reaction between 
cyclohexanone and 4-nitrobenzaldehyde. Stirring the solution for 5 days at rt provided the β-
hydroxy ketones 20 in a nearly quantitative yield and with an enantioselectivity of 72% (Scheme 17). 
The influence of the polymeric environment around the catalyst was furthermore demonstrated with 
a control experiment in which a polymer was used that lacked the structural BTA units. No activity 
could be observed for this polymeric catalyst, not even after prolonged reaction times.   
 
Scheme 17. Asymmetric aldol reaction catalyzed by single-chain polymeric nanoparticles 76. 
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Figure 6.  Chemical structures of polymer 76 (a) and nanogel 77 (b). 
Notwithstanding the many advantages that micelles offer as supports for asymmetric catalysts they 
can suffer from stability issues due to changes in the environment (i.e. pH, temperature). Inspired by 
a paper concerning the synthesis of polystyrene nanogels,57 O’Reilly and coworkers developed an 
easy and scalable route for the preparation of L-proline-functionalized cross-linked poly(methyl 
methacrylate) nanoparticles that exhibit high activity in the aqueous asymmetric aldol reaction 
between cyclohexanone and 4-nitrobenzaldehyde. The nanoparticles 77 were created through an 
emulsion polymerization of methyl methacrylate and L-proline-functionalized methacrylate in the 
presence of a cross-linker, which afforded particles with a 20-50 nm size range and an equal 
distribution of L-proline throughout the nanogel core (Figure 6b). Once subjected to the conditions 
of the asymmetric aldol reaction, the catalytic activity appeared to be strongly dependent on the 
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degree of L-proline functionalization (DoF). The highest turnover numbers (TON) were achieved 
with the lowest catalyst DoF, a trend that is explained by the authors by the higher number of 
isolated catalytic sites present at lower DoF (Table 9). The drop in enantioselectivity observed with 
increasing DoF was attributed to the same effect, as well as to the reduced hydrophobicity of the 
core. Other parameters that heavily influenced the outcome of the asymmetric aldol reaction were 
the cross-link density and the hydrophobicity of the methacrylate monomer. 
Table 9. Asymmetric aldol reaction catalyzed by nanogel 77.  
 
Entry DoF (%) Cat. load. (mol%) Conv. (%) Anti/syn Ee (%) TON (%) 
1 2 1 73 97/3 99 73 
2 5 3 51 97/3 88 17 
3 9 5 57 97/3 81 11 
4 15 8.5 53 98/2 67   6 
 
Recently, O’Reilly prepared cross-linked nanoparticles decorated with MacMillan catalysts for the 
use in aqueous asymmetric Diels-Alder reactions.58 Although high conversions and 
enantioselectivities could be obtained, the performance of the catalytic particles was limited by the 
partition coefficient of the reagents.  
1.5 Thesis outline 
As discussed in this Chapter, a large variety of nanoreactors have been developed over the years 
capable of performing asymmetric reactions in aqueous media. The secret of their success lies in the 
ability to form site-isolated hydrophobic nanoenvironments, which often results in rate acceleration 
or increased chemoselectivities compared to the non-immobilized homogeneous catalysts. 
Polymersomes, artificial vesicles consisting of amphiphilic block copolymers, have been used 
extensively as nanoreactors in biocatalytic reactions. The bilayer of the vesicle offers a protective and 
stabilizing effect to the encapsulated enzymes, thereby retarding protein degradation and facilitating 
product separation. No attempts, however, have been made so far to exploit the hydrophobic 
domain of the bilayer for the immobilization of asymmetric metal or organocatalysts. Such 
nanoreactors would be desirable due to the highly ordered composition of the polymersome 
membrane which provides a good control over the catalytic environment. The possibility to 
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encapsulate a second (bio)catalyst would furthermore enable a tandem reaction to take place within 
the same nanoreactor, opening the door to one-pot one-step cascade reactions in water.   
A requirement for immobilization would be the availability of catalyst anchor points on the block 
copolymers inside the bilayer. Chapter 2 describes the synthesis of such poly(ethylene glycol)-
polystyrene (PEG-PS) amphiphilic block copolymers decorated with reactive azide or isocyanate 
moieties. The self-assembly of these polymers into polymersomes and subsequent cross-linking of the 
membranes are discussed as well. Chapters 3 and 4 focus on the immobilization of chiral catalysts 
inside the bilayer of polymeric vesicles and their use in aqueous asymmetric reactions. For Chapter 3 
this entails the anchoring of an asymmetric copper-bis(oxazoline) complex as catalyst for asymmetric 
cyclopropanation reactions, while Chapter 4 revolves around the catalytic activity of L-proline-
functionalized polymersomes in asymmetric aldol reactions. In Chapter 5, it is shown that L-proline-
functionalized polymersomes can operate in concert with laccase and/or alcohol dehydrogenase 
(ADH) in a one-pot organo- and biocatalyzed cascade reaction for the production of chiral β-
hydroxy ketones or 1,3-diols. Chapter 6 discusses a sphere-to-tubule transformation of polymeric 
vesicles induced by a cross-linking reaction. Finally, in Chapter 7, the results of this thesis are 
summarized and an outlook is presented for future application of these polymersomes in the field of 
asymmetric catalysis. 
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Synthesis of Cross-Linked Polymersomes 
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2.1 Introduction 
Chemical poisoning due to undesired reactions between the catalyst and reactant molecules is a 
major cause of catalyst deactivation observed in chemical processes. Nature has found an elegant 
solution for this problem by encasing the active site of an enzyme within an extended protein chain. 
This crowded environment of amino acid residues enables the enzyme to exhibit excellent substrate 
selectivities and turnover numbers whilst preserving the conformation of the enzymatic pocket. 
Despite this apparent stability, enzymes suffer from degradation due to sudden changes in pH and 
temperature or through incompatibility with other enzymes. For this reason scientists have 
immobilized enzymes on a variety of solid supports, ranging from agarose beads and zeolites to sol-
gel material and epoxy resins.1 
In recent years, much research has been published regarding enzymatic reactions carried out in 
polymeric vesicles.2 The so-called polymersomes have a membrane that consists of amphiphilic block 
copolymers that upon self-assembly can encapsulate enzymes, thereby creating a protective, site-
isolated environment around the biocatalysts. Amongst others, glucose oxidase (GOx),3 laccase,4 
phenylacetone monooxygenase (PAMO),5 alcohol dehydrogenase (ADH),5b copper-zinc superoxide 
dismutase (Cu,Zn-SOD),6 and lactoperoxidase (LPO)6 have been successfully loaded into the 
polymersome lumen. The resulting nanoreactors have proven their effectiveness in a number of one-
step and multi-step reactions, demonstrating their potential as a versatile platform for the 
compartmentalization of enzymes. Although the stability of the polymersomes in water is relatively 
high, the presence of reagents and/or organic cosolvents can reduce the hydrophobic interactions 
between the polymers in the membrane. At a critical concentration this results in a partial 
disintegration of the polymer network or even in a complete disassembly of the bilayer. Conversely, 
the stability of the membrane can be increased through covalent cross-linking of the block 
copolymers. Several cross-linking strategies have been developed over the years to achieve this goal, 
i.e. polyelectrolyte complexation,7 photo-dimerization,8 sol-gel chemistry,9 and polymerization.10 
Chen and coworkers were able to cross-link vesicles comprising poly(ethylene glycol)-b-poly(glycidyl 
methacrylate) (PEG-b-PGMA) block copolymers by introducing alkyl diamine additives during self-
assembly, which stabilized the polymersomes without affecting their morphology.11 Later, Armes and 
coworkers optimized this strategy by adding the diamine cross-linker after vesicle formation. 
Furthermore, they investigated the effect of the size of the cross-linker and the presence of 
surfactants on the stability of the polymersomes.12 Although the chemical cross-linking between 
diamines and epoxy groups inside the membrane offers good control over the cross-link density, 
characterization of the cross-linked structures still remains a challenge. Real time monitoring of the 
cross-link reaction would therefore provide better insight into the kinetics of cross-linking, as well as 
a simple tool to quantify the degree of functionalization.  
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With this in mind, we commenced the search for a novel cross-linking methodology to stabilize 
polymeric vesicles. In this chapter we describe the successful cross-linking of poly(ethylene glycol)-b-
polystyrene (PEG-b-PS) polymersomes employing both amine-isocyanate and copper(I)-catalyzed 
azide-alkyne cycloaddition (CuAAC)/strain-promoted azide-alkyne cycloaddition (SPAAC) 
chemistry. We demonstrate that both cross-link strategies are highly efficient and readily adaptable 
to include a range of different cross-linkers. Moreover, we show that the progress of the cross-link 
reaction can be followed using Fourier transform infrared spectroscopy (FT-IR). Finally, we present 
an example in which cross-linked polymersomes are assembled into a stabilized Pickering emulsion 
to furnish a multicompartment microreactor for enzyme catalysis in a biphasic system,  
2.2 Cross-linking based on CuAAC/SPAAC chemistry  
The cross-linking of polymersomes can either occur in the hydrophilic shell or the lipophilic core of 
the membrane. Although shell-cross-linking has been previously demonstrated,8a,8d,10a,10c the latter 
approach results in a more stable membrane that becomes resistant to organic solvents.10e Inspired by 
research into the cross-linking of micelles and nanoparticles using CuAAC chemistry13 and based on 
our own experience with this technique,14 we decided to develop a poly(ethylene glycol)-b-
poly(styrene-co-4-vinylbenzyl azide) (PEG-b-P(S-co-4-VBA)) polymersome that could be cross-
linked within the core of the bilayer via a CuAAC reaction. Since direct incorporation of an azide 
moiety into the hydrophobic polystyrene block is rather troublesome using standard living 
polymerization methods, we opted for a two-step synthesis approach instead. First, a PEG44 chain 
transfer agent (CTA) was prepared through a condensation reaction between poly(ethylene glycol)44 
methyl ether and α-bromophenylacetic acid, which was followed by a Grignard addition-
nucleophilic substitution reaction sequence with carbon disulfide, bromobenzene and magnesium 
(Scheme 1).  
 
Scheme 1. Synthesis of PEG44 chain transfer agent 2. 
Dithioester 2 could then be employed as CTA for the copolymerization of styrene and 4-vinylbenzyl 
chloride (4-VBC) using reversible addition-fragmentation chain transfer polymerization (RAFT) to 
furnish a poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl chloride) (PEG-b-P(S-co-4-VBC)) 
polymer. RAFT was chosen as method of polymerization over other living polymerization 
techniques because of the ease of use and the compatibility with halogen-containing monomers. 
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Adding AIBN and chain transfer agent 2 to a 90:10 mixture between styrene and 4-VBC afforded 
after stirring at 70 ˚C for 16 h block copolymer P1a as a pink solid (Scheme 2).  
 
Scheme 2. RAFT copolymerization of styrene and 4-vinylbenzyl chloride with chain transfer agent 2, 
followed by a substitution reaction with NaN3. 
The number average molecular weight (Mn) of 19.4 kDa and PDI of 1.06 were determined by 1H 
NMR and multiangle laser light scattering (MALLS), respectively. The introduction of the azide 
handles was achieved through a substitution reaction with NaN3 in DMF, which was confirmed by a 
shift of the benzylic protons to δ 4.2 ppm in the 1H NMR spectrum of the (PEG-b-P(S-co-4-VBA)) 
polymer. An interesting observation was made when we measured the GPC-MALLS spectrum of 
block copolymer P1. Instead of having a Gaussian shape like polymer P1a, a shoulder appeared on 
the left side of the spectrum causing the PDI to rise to 1.31 (Figure 1).    
 
    a)           b) 
 
                                                          
  
 
 
 
Figure 1. GPC-MALLS spectrra of block copolymers P1a (a) and P1 (b), displaying the normalized 
differential refractive index (dRI, —) and the molar mass (—). Note the appearance of a shoulder on the left-
hand side of spectrum (b).  
We explain this event by a partial crosslinking process between polymers during the post-
modification reaction; the RAFT end group of polymer P1a is known to be susceptible to 
electrophilic attack by a number of nucleophiles. In the case of NaN3, the dithioester moiety will be 
converted into a reactive thiolate, which can react with the benzyl chloride group of a second 
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polymer, resulting in the coupling of two polymers and therefore in an increase in polydispersity. 
The cross-linking process is also evidenced by the disappearance of the pink color during the 
reaction, which is an indication of the degradation of the RAFT group. Several methods have been 
reported to prepare polymersomes out of block copolymers.15 In this instance the cosolvent approach 
was selected, which is driven by the phase separation of the polymer hydrophobic block induced by 
an increase in hydrophilicity of the solvent.16 When the water content of a solution of block 
copolymer P1 in THF was slowly raised from 0% to 50%, a strong increase in turbidity was 
observed, indicating the formation of polymersomes. Analysis using dynamic light scattering (DLS, 
Figure 2a) and transmission electron microscopy (TEM, Figure 3a) revealed that polymeric vesicles 
were formed with an average diameter of 400 nm and a membrane thickness of 25–35 nm. These 
results suggest that self-assembly was neither affected by the azide handles attached to the polymers 
nor by the partial crosslinking described above, as these values are comparable to the literature.17  
Having successfully formed the azide-functionalized polymersomes, attention was now focused upon 
the cross-linking reaction. To this end, we synthesized cross-linker 3 by alkylating tetraethylene 
glycol with two propargyl moieties (Figure 4a). Together with a solution of CuSO4·5H2O, 
bathophenanthroline sulfonated sodium salt and ascorbic acid, 3 was subsequently added to a 
dispersion of polymersomes in a H2O:THF (50:50, v/v) mixture. The characteristic vibration of 
azides at 2095 cm-1 in the FT-IR spectrum allowed us to follow the cross-link reaction in time. In 
this way we could assess that after 24 h almost all azides had reacted (Figure 2b). The diameter of the 
polymersomes did not significantly change as a result of the cross-linking reaction, as confirmed by 
TEM and DLS (Figures 2a, 3b).  
 
a)            b) 
 
 
 
 
Figure 2. (a) DLS and (b) IR spectra of polymersomes consisting of block copolymer P1 before (—) and after 
(—) cross-linking with compound 3. 
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Figure 3. (a,b) TEM images of polymersomes consisting of block copolymer P1 (a) before and (b) after cross-
linking with compound 3. (c) TEM image of cross-linked polymersomes after dialysis against THF. 
In order to demonstrate their stability in organic solvents, the cross-linked polymersomes were 
dialyzed against THF for 24 h. Although the turbidity of the sample slightly decreased during this 
time, due to an increased solubility of the bilayer core, intact polymersomes could still be detected 
with TEM (Figure 3c). Non-cross-linked vesicles, on the other hand, completely dissolved under 
these circumstances, which resulted in a clear solution without any discernable vesicles. 
Motivated by this result, we subsequently investigated the cross-linking of PEG-b-P(S-co-4-VBA) 
polymersomes using SPAAC chemistry. Due to the absence of metals, SPAAC chemistry has gained 
increasing popularity as a bioorthogonal ligation method for biological systems.18 Employing this 
technique in the cross-linking of polymersomes would consequently yield a stabilized vesicle that 
could be used as an artificial organelle. For this purpose we prepared cross-linker 4, which was 
equipped with two bicyclo[6.1.0]nonyne (BCN) moieties (Figure 4b). Although we were initially 
concerned whether the larger size of the cross-linker would allow penetration into the membrane, we 
were pleased to see that the azide signal completely disappeared only 1 h after the cross-linker was 
added. The efficacy of the membrane cross-linking was again validated by prolonged dialysis against 
THF, however, unlike the CuAAC-cross-linked polymersomes, the shape of the vesicles changed 
after addition of cross-linker 4. The mechanism behind this shape transformation will be discussed 
in further detail in Chapter 6.  
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Figure 4. Chemical structure of cross-linkers 3 (a), 4 (b) and 5 (c).  
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2.3 Cross-linking based on amine-isocyanate chemistry 
Both the CuAAC reaction and the SPAAC reaction, described above, proved to be robust strategies 
for the cross-linking of polymeric vesicles. The former reaction, however, required toxic copper as a 
catalyst while the cross-linker used in the latter reaction was relatively expensive. Therefore, we 
started to design an alternative polymersome cross-linking procedure that would be both cost-
effective and biocompatible.  
Recently, Stenzel and coworkers reported the synthesis of cross-linked micelles that comprised 
poly(oligo(ethylene glycol) methyl ether methacrylate)-b-poly(styrene-co-(3-isopropenyl-α,α-
dimethylbenzyl isocyanate)) (POEGMA-b-P(S-co-TMI)) block copolymers.19 The inherent 
isocyanate functionality of TMI provided an anchor for a post-modification cross-linking reaction 
with 1,6-diaminohexane, generating a polyurea-stabilized core. We hypothesized that this concept 
could also be applied to polymeric vesicles. To this end we prepared a poly(ethylene glycol)-b-
poly(styrene-co-(3-isopropenyl-α,α-dimethylbenzyl isocyanate)) (PEG-b-P(S-co-TMI)) block 
copolymer via the RAFT copolymerization of styrene and TMI, starting from chain transfer agent 2 
(Scheme 3). Monitoring the relative monomer concentrations during the reaction with 1H NMR 
showed that styrene and TMI were polymerized with similar reaction rates. Hence, an initial 
styrene:TMI concentration of 90:10 yielded block copolymer P2 in which the styrene:TMI ratio of 
the hydrophobic block resembled the initial monomer ratio. The Mn and PDI of P2 were 
determined to be 18.2 kDa and 1.03, respectively.  
 
Scheme 3. RAFT copolymerization of styrene and TMI with chain transfer agent 2. 
The self-assembly of block copolymer P2 into polymeric vesicles was accomplished using the 
cosolvent method whereby the diameter (450 nm) and membrane thickness of the polymersomes 
did not differ significantly from those of PEG-b-P(S-co-4-VBA) (Figures 5a, 6a). The subsequent 
cross-linking reaction was carried out by addition of 1,6-diaminohexane to the polymersome 
dispersion. In agreement with the procedure described by Stenzel and coworkers a decline in the 
intensity of the characteristic -NCO peak at 2250 cm-1 was observed in the FT-IR spectrum as the 
cross-linking reaction progressed. After 5 h, the peak had completely vanished, while the appearance 
of the vibration bands at 1542 cm-1 and 1658 cm-1 confirmed the formation of urea functionalities 
(Figure 5b). The stability of the cross-linked polymersomes was again tested by changing the solvent 
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system to THF. Whereas the vesicles dissolved entirely when no cross-linker was added prior to the 
solvent switch, they remained intact subsequent to the addition of 1,6-diaminohexane (Figure 6c). 
 
a)       b)  
 
 
 
 
 
 
 
 
Figure 5.  (a) DLS and (b) IR spectra of polymersomes consisting of block copolymer P2 before (—) and 
after (—) cross-linking with 1,6-diaminohexane. 
 
Figure 6. (a,b) TEM images of polymersomes consisting of block copolymer P2 before (a) and after (b) cross-
linking with 1,6-diaminohexane. (c) TEM image of cross-linked polymersomes after dialysis against THF. 
Besides 1,6-diaminohexane, other diamines could also be used to cross-link the polymersome 
membranes: 1,3-diaminopropane, 1,5-diaminopentane (cadaverine), 1,8-diaminooctane and 1,10-
diaminodecane all resulted in a smooth conversion of the isocyanate groups into the corresponding 
urea moieties. Even cross-linker 5, which was prepared in a three-step reaction sequence and 
contained a bulky adamantane moiety (Figure 4c), readily engaged in the cross-link reaction. The 
last example illustrates that not only small linear molecules can be incorporated into the 
polymersome bilayer but also more sterically demanding branched cross-linkers - and potentially 
even catalysts. The latter topic will further be discussed in Chapters 3 and 4.  
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2.4 Cross-linked polymersomes as building blocks for the construction of a polymersome 
Pickering emulsion 
In addition to the compartmentalization strategies mentioned in Section 2.1, microemulsions have 
been frequently used as a reaction platform for enzymatic transformations.20 The dissolution of 
enzymes in micron-sized water droplets ensures a high surface area between the catalyst and the non-
polar reagents that can lead to enhanced reaction rates compared to traditional biphasic reaction 
media. However, the surfactant that is required to stabilize the microemulsion, can also severely 
affect enzymatic activity21 and furthermore present a challenge with respect to workup and 
purification. 
Pickering emulsions, which are emulsions stabilized by colloidal nanoparticles, have proven to be 
useful replacements for the traditional surfactant-based emulsions.22 In contrast to the dynamic 
adsorption and desorption of surfactants, nanoparticles are adsorbed permanently at the water/oil 
interface, which results in a high stability of the overall emulsion. Moreover, the use of Pickering 
emulsions can avoid problems such as difficult separation during workup, foam formation, and 
enzyme deactivation. Based on these advantages, Pickering emulsions are promising candidates for 
application in biphasic enzymatic transformations, although, examples hereof are scarce.23   
Due to their high resistance against organic solvents and well-defined spherical morphology, we 
envisioned cross-linked polymersomes as ideal building blocks for the generation of Pickering 
emulsions. To test this idea, block copolymer P3 (Figure 7) was prepared and assembled into 
polymeric vesicles, to which 1,5-diaminopentane was added to cross-link the membrane. Subsequent 
emulsification was performed by mixing 25 µL of the concentrated aqueous polymersome dispersion 
(20 mg mL-1) with 200 µL of organic solvent, such as toluene, pentane or chloroform. A final 
homogenization step provided the polymersome Pickering emulsion in a relatively fast and simple 
way.24 For ease of characterization, the polymersomes were labeled with the dye rhodamine B and 
analyzed by confocal laser scanning microscopy (CLSM), which showed the presence of spherical 
microdroplets in the size range of 20-50 µm (Figure 8a). In order to distinguish the water and 
toluene phases in the Pickering emulsion, fluorescein isothiocyanate labeled dextran (FITC-Dex, 4.4 
kDa) and nile red (NR) were dissolved in water and toluene, respectively. With green emission 
(FITC-Dex) in the droplet and red emission (NR) outside of the droplet, the water-in-toluene 
Pickering emulsion could be clearly identified by the merged CLSM image (Figure 8b). Furthermore, 
TEM images revealed that the surface of the intact Pickering emulsion droplet consisted of closely 
packed polymersomes (Figure 8c and inset), while cross-sectional Cryo-SEM images identified 
polymersomes at the interface of water-in-toluene Pickering emulsions (Figure 8d and inset). 
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Figure 7. Graphical representation of the formation of polymersome Pickering emulsions, starting from block 
copolymer P3.  
 
Figure 8. (a,b) CLSM images of polymersome Pickering emulsions (water-in-toluene). (a) Polymersomes are 
stained with rhodamine B; the inset is a magnified image. (b) FITC-Dex (4.4 kDa) and nile red were 
dissolved in water and toluene, respectively. (c,d) TEM and Cryo-SEM images of a polymersome Pickering 
emulsion; the insets are overviews at lower magnification.  
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The efficacy of the polymersome Pickering emulsions in enzymatic transformations was determined 
by encapsulating the lipase Candida antarctica lipase (CalB) either in the lumen of the polymersome 
or in the Pickering microdroplets and subjecting the enzyme-loaded emulsions to an esterification 
reaction between 1-hexanol and hexanoic acid. Both Pickering emulsions displayed an enhancement 
in reaction rate with respect to the activity of CalB in a traditional biphasic medium, with the 
emulsions consisting of CalB-loaded polymersomes giving the highest activity. The versatility of this 
system was illustrated by the execution of other CalB-catalyzed reactions, such as the esterification of 
benzyl alcohol and phenylacetic acid and the hydrolysis of p-nitrophenyl acetate. Furthermore, it was 
demonstrated that the polymersome Pickering emulsion could be recycled up to eight times with the 
activity of CalB remaining at a high level.  
2.5 Conclusions 
Two types of covalently cross-linked polymersomes were prepared on the basis of a CuAAC/SPAAC 
and amine-isocyanate click reaction between an externally added cross-linker and reactive groups 
within the membrane. The anchor points were introduced to the hydrophobic block of the polymer 
by RAFT polymerization, which provided good control over the length of the polymer and the 
degree of functionalization. Utilization of the cosolvent method ensured a smooth assembly of the 
functionalized polymers into monodisperse polymersomes. The cross-linking reaction was 
successfully performed with a range of cross-linkers and could be monitored with IR spectroscopy. A 
solvent switch into THF confirmed the stability of the cross-linked polymersomes. The relevance of 
cross-linked polymersomes was demonstrated by the enhancement of CalB-catalyzed esterification 
and hydrolysis reactions through compartmentalization within polymersome Pickering emulsions. 
Further catalytic applications of cross-linked polymersomes are described in Chapters 3-5, while 
Chapter 6 focusses on the cross-linker-induced shape transformation of polymeric vesicles.  
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2.7 General information (materials/instrumentation) 
Chemicals were purchased from Sigma-Aldrich. Unless stated otherwise, chemicals were used without further 
purification. Reactions were carried out under an inert atmosphere of dry nitrogen or argon. Standard syringe 
techniques were applied for the transfer of dry solvents and air- or moisture sensitive reagents. Reactions were 
followed by thin layer chromatography (TLC) on silica gel-coated gilipollas plates (Merck 60 F254) with the 
indicated solvent mixture. Detection was performed with UV-light, and/or by charring at ~150 °C after 
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dipping into a solution of aqueous basic KMnO4 or in a solution of ninhydrin. Column or flash 
chromatography was carried out using Silicycle Silicaflash P60® (40‐63 µm). Fourier transform infrared 
spectroscopy (FT-IR) spectra were recorded on an ATI Matson Genesis Series FT-IR spectrometer fitted with 
an ATR cell. The vibrations (ν) are given in cm-1. Dynamic light scattering (DLS) measurements were 
performed on a Malvern Instrument Zetasizer  Nano-S (ZEN 1600), equipped with a He-Ne laser (633 nm, 
4 mW) and an Avalanche photodiode detector at an angle of 173°. The DLS data were processed and 
analyzed with Dispersion Technology Software (Malvern Instruments). NMR spectra were recorded on a 
Bruker DMX 300 (300 MHz), a Bruker DMX 500 (500 MHz) and a Varian 400 (400 MHz) spectrometer in 
CDCl3 solutions (unless reported otherwise). 1H NMR chemical shifts are given in ppm with respect to 
tetramethylsilane (TMS, δ 0.00 ppm) as internal standard, 13C NMR shifts are given in ppm with respect to 
CHCl3 (δ 77.00 ppm). Coupling constants are reported as J-values in Hz. High resolution mass spectra were 
recorded on a JEOL AccuTOF (ESI). Transmission electron microscopy (TEM) was performed on a JEOL 
TEM 1010 microscope with an acceleration voltage of 60 kV equipped with a charge-coupled device (CCD) 
camera. Sample specimens were prepared by placing a drop (6 µL) of a diluted aqueous vesicle solution on an 
EM science carbon-coated copper grid (200 mesh). The grid was air dried for at least 2 hours and analyzed 
without further treatment. Cryogenic SEM (Cryo-SEM) was performed on a JEOL 6330 Cryo Field 
Emission Scanning Electron Microscope (FESEM). Samples were rapidly frozen in nitrogen slush at -220 °C 
and freeze fractured in the cooling pre-chamber of the microscope at -120 °C. The plane of fracture was 
etched for 5 min via sublimation at -95 °C, and transferred to the microscope chamber where the temperature 
was maintained at -120 °C. Confocal laser scanning microscopy was performed on a Leica TCS SP5 confocal 
microscope equipped with an HCX PL APO 40×N.A. 1.2 water immersion lens. Rhodamine B, nile red, and 
FITC-dextran were excited using a HeNe 561 nm laser and a 488 argon ion laser. Emission was detected 
between 580 and 650 nm for rhodamine B and nile red, between 495 and 545 nm for FITC-dextran. The 
size exclusion chromatography-multi angle laser light scattering (SEC-MALLS) experiments were conducted 
at room temperature using a SEC column (Dr. Maisch, GPC-PS, 300x8 mm, particle size 5 µm) in-line with 
a Wyatt DAWN HELEOS II light scattering detector using a laser operating at 658 nm and a Wyatt Optilab 
T-Rex refractive index detector. Number average molecular weight calculations were performed using ASTRA 
6.0.6.13, using a dn/dc value of 0.185. 
2.8 Experimental section 
Poly(ethylene glycol)44 monomethylether 2-bromo-2-phenylacetate (1) 
Poly(ethylene glycol) methyl ether (Mn = 2000 g mol-1) (8.0 g, 4.0 mmol, 1.0 equiv) 
was dissolved in toluene (20 mL) and dried by azeotropic distillation. The polymer 
was subsequently dissolved in CH2Cl2 (75 mL), after which DMAP (98 mg, 0.80 
mmol,  0.2 equiv), EDC·HCl (2.30 g, 12.0 mmol, 3.0 equiv) and α-bromophenylacetic acid (2.58 g, 12.0 
mmol, 3.0 equiv) were added. The mixture was stirred for 3 h at rt before H2O (75 mL) was added to quench 
the reaction. The layers were separated and the organic layer was washed with saturated aqueous NaHCO3 
and saturated aqueous NH4Cl, respectively. The resulting organic fraction was dried (Na2SO4) and 
concentrated in vacuo. EtOH (100 mL) was added and the mixture was heated until all polymer was 
dissolved. The solution was then placed in an ice-bath for 1 h to induce precipitation. The final product was 
filtered and dried overnight in a dessicator to yield 1 as a white solid. 1H NMR (CDCl3, 400 MHz): δ 7.58–
7.46 (m, 3H, arom. H), 7.42–7.30 (m, 2H, arom. H), 5.39 (s, 1H, -CH-Ar), 4.40–4.25 (m, 2H, -
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COOCH2), 3.90–3.45 (m, 174H, PEG backbone), 3.38 (s, 3H, CH3OCH2). Spectral data are in accordance 
with literature.25 
Poly(ethylene glycol)44 monomethylether 2-phenyl-2-((phenylcarbonothioyl)thio)acetate, PEG44-CTA 
(2) 
A flame-dried roundbottom flask, equipped with a stirring bar, was loaded with 
magnesium turnings (292 mg, 12.0 mmol, 3.0 equiv), dry THF (30 mL) and a 
I2 crystal. A solution of bromobenzene (1.88 g, 12.0 mmol, 3.0 equiv) in THF 
(30 ML) was added dropwise and the mixture was stirred at 50 ˚C for 20 min. Carbon disulfide (914 mg, 
12.0 mmol, 3.0 equiv) was added after which the mixture was stirred for another 30 min at 50 ˚C. A solution 
of 1 (4.0 mmol, 1.0 equiv) in THF (20 mL) was added and the dark red solution was refluxed overnight.The 
reaction mixture was filtered to remove the left-over magnesium and the filtrate was concentrated in vacuo. 
The product was dissolved in hot EtOH (100 mL) and reprecipitated by cooling the solution in an ice-bath. 
Filtration and vacuum drying yielded 2 (4.92 g, 54% over 2 steps) as a pink solid. 1H NMR (CDCl3, 400 
MHz): δ 8.02–7.98 (m, 2H, arom. H), 7.56–7.47 (m, 3H, arom. H), 7.41–7.34 (m, 5H, arom. H), 5.73 (s, 
1H, -CH-Ar), 4.42–4.24 (m, 2H, -COOCH2), 3.87–3.44 (m, 174H, PEG backbone), 3.38 (s, 3H, 
CH3OCH2). Spectral data are in accordance with literature.25 
4,7,10,13,16-Pentaoxanonadeca-1,18-diyne (3) 
To a dispersion of NaH (433 mg of a 60% dispersion in oil, 11.3 mmol, 2.2 
equiv) in toluene (40 mL) at 0 °C was added dropwise a solution of 
tetraethylene glycol (1.00 g, 5.15 mmol, 1.0 equiv) in toluene (10 mL). The 
reaction mixture was stirred for 1 h at 0 °C after which propargyl bromide (1.68 g of a 80% solution in 
toluene, 11.3 mmol, 2.2 equiv) was added. After stirring for an additional 2 h at 0 °C the reaction mixture 
was quenched with saturated aqueous NH4Cl (50 mL). The product was extracted with CH2Cl2 (3 × 50 mL), 
dried over Na2SO4 and concentrated in vacuo. Column chromatography (EtOAc/heptane, 1:2) afforded 
compound 3 as a colorless oil (957 mg, 69%). 1H NMR (CDCl3, 400 MHz): δ 4.21 (d, J = 2.4 Hz, 4H) 
3.73–3.63 (m, 16H), 2.44 (t, J = 2.4 Hz, 2H). Spectral data are in accordance with literature.26 
bis((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl)((ethane-1,2-diylbis(oxy))bis(ethane-2,1-
diyl))dicarbamate (4) 
To a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (63.6 mg, 
0.429 mmol, 1.0 equiv) in CH2Cl2 (10 mL) at 0 ˚C were added 
Et3N (95.4 mg, 0.944 mmol, 2.2 equiv) and (1R,8S,9s)-
bicyclo[6.1.0]non-4-yn-9-ylmethyl (2,5-dioxopyrrolidin-1-yl) 
carbonate (250 mg, 0.858 mmol, 2.0 equiv). The reaction 
mixture was stirred for 3 h at rt, after which it was quenched with 
saturated aqueous NH4Cl (10 mL). The product was extracted 
with CH2Cl2 (3 × 10 mL), washed with saturated aqueous 
NaHCO3 (30 mL) and brine (30 mL), dried (Na2SO4) and concentrated in vacuo. Column chromatography 
(EtOAc/heptane, 2:1) yielded compound 4 (185 mg, 86%) as a yellow oil. Rƒ 0.15 (EtOAc/heptane, 1:1). 
FT-IR (ATR): 3330, 2914, 1715, 1525, 1250, 1132, 1022 cm-1. 1H NMR (CDCl3, 400 MHz): δ 5.25 (br. s, 
2H), 4.16 (d, J = 8.1 Hz, 4H), 3.62 (s, 4H), 3.57 (t, J = 5.1 Hz, 4H), 3.42–3.35 (m, 4H), 2.35–2.15 (m, 
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12H), 1.65–1.50 (m, 4H), 1.42–1.30 (m, 2H), 1.00–0.90 (m, 4H). 13C NMR (CDCl3, 75 MHz): δ 156.9, 
99.0, 70.7, 63.0, 41.0, 29.2, 21.6, 20.3, 17.9. HRMS (ESI) m/z calcd for C28H41N2O6 (M+H)+: 501.2965, 
found: 501.2978. 
(1s,3s)-N,N-Bis(2-aminoethyl)adamantane-1-carboxamide (5) 
To a solution of diethylene triamine (1.55 g, 15.0 mmol, 1.0 equiv) in AcOH (30 mL) 
was added phthalic anhydride (4.44 g, 30.0 mmol, 2.0 equiv). The reaction mixture was 
refluxed for 6.5 h after which the solvent was evaporated. The residue was dissolved in 
EtOH (30 mL) and heated until crystals were formed. The precipitate was subsequently 
filtered, washed with hot EtOH (10 mL) and dried in vacuo. Next, the product (2.50 g, 
6.88 mmol, 0.46 equiv) was dissolved in CH2Cl2 (75 mL) at 0 ˚C after which Et3N (1.04 g 10.3 mmol, 0.69 
equiv) was added, followed by the dropwise addition of a solution of 1-adamantanecarbonyl chloride (2.05 g, 
10.3 mmol, 0.69 equiv) in CH2Cl2 (50 mL). The reaction mixture was stirred for 2 h ar rt. Then, saturated 
aqueous NH4Cl (50 mL) was added and the aqueous phase was extracted with CH2Cl2 (3 × 50 mL). The 
resulting organic fractions were washed with brine (150 mL), dried (Na2SO4) and concentrated in vacuo. 
After recrystallization in iPrOH at -20 ˚C, half of the product (1.60 g, 3.05 mmol, 0.20 equiv) was dissolved 
in EtOH (125 mL). Hydrazine monohydrate (3.05 g, 60.9 mmol, 4.06 equiv) was added and the reaction 
mixture was refluxed for 48 h. Afterwards, phthalic hydrazide was filtered off and the remaining filtrate was 
concentrated and filtered again. Saturated aqueous NaHCO3 (50 mL) was added and the product was 
extracted with EtOAc (3 × 50 mL). The organic fractions were dried over Na2SO4 and concentrated in vacuo. 
Column chromatography (MeOH/CH2Cl2, 1:10→1:1) yielded 5 as a white solid (340 mg, 16% over three 
steps). Rƒ 0.22 (MeOH/ CH2Cl2, 1:1). FT-IR (ATR): 3354, 2904, 2850, 1629, 1533, 1453, 1285, 1188, 
1109,  922, 731 cm-1. 1H NMR (CDCl3, 500 MHz): δ 6.33 (s, 1H), 3.35 (dd, J = 11.5, 5.7 Hz, 2H), 2.84 (t, 
J = 5.7 Hz, 2H), 2.77 (t, J = 5.9 Hz, 2H), 2.72 (t, J = 5.7 Hz, 2H), 2.29 (br. s, 4H), 2.04 (s, 3H), 1.86 (d, J = 
2.6 Hz, 6H), 1.72 (q, J = 12.2 Hz, 6H). 13C NMR (CDCl3,126 MHz): δ 178.4, 51.3, 48.5, 41.3, 40.6, 39.3, 
38.8, 36.5, 28.1. HRMS (ESI) m/z calcd for C15H28N3O (M+H)+: 266.2232, found: 266.2232. 
Poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl chloride) (PEG44-b-P(S138-co-4-VBC18)) (P1a)  
A flame-dried Schlenk tube equipped with a stirring bar was 
loaded with styrene (1.80 g, 17.3 mmol, 288 equiv), purified 4-
vinylbenzyl chloride (326 mg, 1.92 mmol, 32 equiv), PEG44-
CTA 2 (137 mg, 0.06 mmol, 1.0 equiv) and AIBN (2.0 mg, 
0.012 mmol, 0.2 equiv). The mixture was degassed by three 
freeze-pump-thaw cycles. The Schlenk tube was then immersed 
in a preheated oil bath of 70 °C and the polymerization was monitored by 1H NMR spectroscopy. When a 
40% conversion was reached, the polymerization was terminated by removing the Schlenk tube from the oil 
bath. After the reaction mixture had cooled down to room temperature, it was diluted with CHCl3 and 
transferred to a round-bottom flask. The product was precipitated by addition of cold MeOH (250 mL) and 
subsequently filtered over a glass filter. The latter three steps were repeated three times to remove excess 
monomer. The resulting pink solid was dried in vacuo to yield P1a (480 mg). 1H NMR (CDCl3, 400 MHz): 
δ 7.25–6.20 (m, arom. H), 4.60–4.35 (br. s, -CH2Cl), 3.70–3.60 (br. s, PEG backbone), 2.2–1.10 (m, P(S-
co-4-VBC) backbone). FT-IR (ATR): 3058, 3026, 2922, 1601, 1491, 1452, 1111, 760, 699 cm-1. Mn (1H 
NMR) = 19.4 kDa. Mn (MALLS) = 16.7 kDa. PDI = 1.06. 
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Poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl azide) (PEG44-b-P(S138-co-4-VBA18)) (P1) 
NaN3 (666 mg, 10.2 mmol, 488 equiv) was added to a solution 
of polymer P1a (400 mg, 0.021 mmol, 1.0 equiv) in DMF (2.5 
mL) in a flame-dried Schlenk tube. The mixture was stirred at 
room temperature for 3 days. The reaction mixture was then 
diluted with CHCl3 and transferred to a round-bottom flask. 
Precipitation was induced upon addition of cold MeOH and the 
resulting white solid P1 was filtered and dried in vacuo. Yield (420 mg). 1H NMR (CDCl3, 400 MHz): δ 
7.25–6.56 (m, arom. H), 4.30–4.10 (br. s, -CH2N3), 3.65–3.60 (br. s, PEG backbone), 2.00–1.20 (m, P(S-
co-4-VBA) backbone). FT-IR (ATR): 3058, 3026, 2922, 2095 (νN3), 1601, 1493, 1453, 1110, 760, 700 cm-1. 
Mn (1H NMR) = 19.5 kDa. Mn (MALLS) = 26.1 kDa. PDI = 1.31. 
Poly(ethylene glycol)-b-poly(styrene-co-(3-isopropenyl-α,α-dimethylbenzyl isocyanate)) (PEG44-b-
P(S126-co-TMI14)) (P2) 
A flame-dried Schlenk tube was charged with styrene (1.80 g, 
17.3 mmol, 288 equiv), 3-isopropenyl-α,α-dimethylbenzyl 
isocyanate (TMI, 386 mg, 1.92 mmol, 32 equiv), PEG44-
CTA 2 (137 mg, 0.06 mmol, 1.0 equiv), AIBN (2.0 mg, 
0.012 mmol, 0.2 equiv) and a stirring bar. After a clear 
solution was obtained, the mixture was degassed by three freeze-pump-thaw cycles. The Schlenk tube was 
placed in a preheated oil bath of 70 °C and the polymerization was monitored by 1H NMR spectroscopy. 
When a conversion of 40 % was reached, the polymerization was terminated by removal of the heat source. 
After cooling down to room temperature, the reaction mixture was diluted with CHCl3 and transferred into 
an Erlenmeyer flask. Precipitation was induced upon addition of MeOH (200 mL) and the resulting pink 
solid was filtered and dried under vacuum. This process was repeated to obtain pink product P2 (488 mg). 1H 
NMR (CDCl3, 400 MHz): δ 7.25–6.10 (br. s, arom. H), 3.68–3.60 (br. s, PEG backbone), 2.25–1.05 (br. s, 
P(S-co-TMI) backbone). FT-IR (ATR): 3059, 3025, 2923, 2250 (νN=C=O), 1601, 1492, 1452, 1112, 760, 699 
cm-1. Mn (1H NMR) = 18.2 kDa. Mn (MALLS) = 23.1 kDa. PDI = 1.03. 
CuAAC-cross-linked polymersomes preparation 
Block copolymer P1 (10.0 mg, 0.513 µmol, 9.23 µmol of azides, 1.0 equiv) was dissolved in THF (1.0 mL) 
in a scintillation vial. 1.0 mL of ultrapure water (Milli-Q, 18.2 MΩ) was added dropwise within 1 hour while 
stirring the solution at 700 rpm. The polymersomes were allowed to self-assemble for 30 min. Then, a 
solution of cross-linker 3 (3.75 mg, 13.8 µmol, 1.5 equiv) in THF (100 µL) was added, followed by a 
solution of CuSO4·5H2O (2.30 mg, 9.23 µmol, 1.0 equiv), bathophenanthroline, sulfonated sodium salt 
(4.95 mg, 9.23 µmol, 1.0 equiv) and sodium ascorbate (3.66 mg, 18.5 mmol, 2.0 equiv) in Milli-Q (100 µL). 
The dispersion was stirred for 24 h while the cross-link reaction was monitored with FT-IR spectroscopy. The 
polymersomes were subsequently dialyzed against THF for 24 h and analyzed by TEM to demonstrate the 
polymersome membrane integrity.  
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SPAAC-cross-linked polymersomes preparation 
Polymersomes were self-assembled as described above starting from block copolymer P1 (2.0 mg, 0.103 
µmol, 1.85 µmol of azides, 1.0 equiv). After 30 min a solution of cross-linker 4 (0.92 mg, 1.85 µmol, 1.0 
equiv) in THF (100 µL) was added. The dispersion was stirred for 1 h while the cross-link reaction was 
monitored with FT-IR spectroscopy. The polymersomes were subsequently dialyzed against THF for 24 h 
and analyzed by TEM to demonstrate the polymersome membrane integrity. 
Amine-isocyanate-cross-linked polymersomes preparation 
Polymersomes were self-assembled as described above starting from block copolymer P2 (10.0 mg, 0.538 
µmol, 7.53 µmol of isocyanates, 1.0 equiv). After 30 min a solution of 1,6-diaminohexane (0.53 mg, 4.52 
µmol, 0.6 equiv) in Milli-Q (100 µL) was added. The dispersion was stirred for 5 h while the cross-link 
reaction was monitored with FT-IR spectroscopy. The polymersomes were subsequently dialyzed against 
THF for 24 h and analyzed by TEM to demonstrate the polymersome membrane integrity. 
Polymersome Pickering emulsion preparation 
Polymersomes were self-assembled as described above starting from block copolymer P3 (10.0 mg, 0.884 
µmol, 3.53 µmol of isocyanates, 1.0 equiv). After 30 min 1,5-diaminopentane (6 µL) was added and the 
dispersion was stirred for 3 h. The polymersomes were dialyzed against THF for 48 h and analyzed by TEM 
to demonstrate the polymersome membrane integrity. The final concentration was adjusted to 20 mg mL-1 by 
centrufigation. A 25 µL portion of the polymersome dispersion was subsequently mixed with 200 µL of 
toluene, chloroform or pentane. The mixture was treated with a vibration homogenizer at rt for 5 min to 
afford a stable Pickering emulsion. 
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3.1 Introduction 
Chiral bis(oxazoline)-metal complexes have been used extensively in the past decades in asymmetric 
cyclopropanation reactions.1 This popularity can be attributed to their excellent activities and 
selectivities for a broad range of substrates.2 However, application of these catalysts in aqueous 
systems is rather troublesome.3 Unstable transition states, undesired side-reactions and low 
solubilities for both substrates and catalyst make water an unfavorable solvent, despite its many 
apparent advantages. In the past few years progress has been made in overcoming incompatibility 
issues between homogeneous transition-metal catalysts and water. Research groups have designed 
nanoreactors consisting of homogeneous metal catalysts immobilized on polymeric supports that 
could perform various catalytic reactions in aqueous systems, i.e. cross-coupling reactions,4 
hydrolytic kinetic resolutions5 and asymmetric allylic substitutions.6 Regardless of the great merit of 
their work, alternative synthetic pathways in water already exist for most of these reactions. 
Asymmetric cyclopropanation reactions on the other hand, often require a metal-carbene complex, 
which poses a great challenge on the design of the catalyst in water. Recently, Carreira and 
coworkers7 developed a hydrophobic iron(III)-porphyrin complex capable of performing 
cyclopropanation reactions of olefins with in situ generated diazomethane in 6M KOH. Arnold and 
coworkers8 further exploited the catalytic nature of iron porphyrins and engineered a cytochrome 
P450 enzyme that could catalyze the reaction between styrene and ethyl diazoacetate in water with 
high enantiomeric selectivity.  
Inspired by these results, we developed a strategy for the immobilization of a copper-bis(oxazoline) 
catalyst inside a polymersome membrane. Polymersomes, artificial vesicles consisting of amphiphilic 
block copolymers, have emerged as powerful nanoreactors in the last few years.9 A recent publication 
by our group shows the ability of polymersomes to form Pickering emulsions, in which a biphasic 
biocatalytic reaction could be realized.10 We also reported a one-pot cascade reaction which was 
achieved by selective compartmentalization of three different enzymes in a polymeric vesicle.11 
Extension of this methodology to transition-metal catalysts would increase the versatility of these 
vesicles and pave the way for future metal- and biocatalyzed cascade reactions. Furthermore, we 
reasoned that affixation of the catalyst inside the hydrophobic domain of the bilayer would yield a 
protective environment in which the catalyst and the substrates are shielded from external influences. 
In this chapter we report the synthesis of cross-linked polymeric vesicles functionalized with chiral 
bis(oxazoline)-copper catalysts. We show that these catalytic polymersomes have a positive effect on 
the rate and enantioselectivity of asymmetric cyclopropanation reactions in water. Moreover, we 
prove that the polymeric nanoreactors exhibit substrate selectivity based on the hydrophobicity of 
the starting alkene.  
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3.2 Synthesis and characterization of copper-bis(oxazoline)-functionalized polymersomes 
In order to provide an anchor for chiral copper-bis(oxazoline) catalysts inside the hydrophobic 
bilayer, we designed a poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl azide) (PEG-b-P(S-co-4-
VBA)) polymer (Figure 1).  
 
Figure 1. Chemical structures of azide-functionalized block copolymers P1–P3 and modified copper-
bis(oxazoline) catalysts C1–C3 (top) and a schematic representation of a copper-bis(oxazoline) loaded 
polymersome (bottom). 
Since azide moieties are not stable at elevated temperatures during polymerization, we started off 
with the synthesis of a poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl chloride) (PEG-b-P(S-
co-4-VBC)) polymer. A PEG44 chain transfer agent was prepared which was used to polymerize 
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styrene and 4-vinylbenzyl chloride (4-VBC) via reversible addition-fragmentation chain transfer 
polymerization (RAFT).12 We chose a 90:10 ratio between styrene and 4-VBC as the initial 
monomer composition to offer sufficient handles for catalyst loading and at the same time ensure the 
integrity of the polymeric bilayer. Subsequent post-modification of the polymer with NaN3 provided 
PEG-b-P(S-co-4-VBA) polymer P1 with a number average molecular weight (Mn) of 19.5 kDa and a 
PDI of 1.31 (determined by mulitangle laser light scattering (MALLS) and 1H NMR, Table 1).  
Table 1. Molecular characteristics of block copolymers P1–P3. 
PEG-b-P(S(n-m)-
co-4-VBAm)n 
na mb Mn NMRc 
(103 g/mol) 
Mn MALLSd        
(103 g/mol) 
PDI (Mw/Mn)e 
P1 156 18 19.5 26.1 1.31 
P2 141   8 17.4 24.0 1.26 
P3 162 34 21.0 26.9 1.32 
(a) Calculated number average degree of P(S-co-4-VBA) determined by 1H NMR spectroscopy using PEG as 
internal standard. (b) Calculated number average degree of P(4-VBA) determined by 1H NMR spectroscopy 
using PEG as internal standard. (c) Number average molecular weight determined by 1H NMR spectroscopy. 
(d) Number average molecular weight determined by multiangle laser light scattering. (e) Polydispersity 
(Mw/Mn) determined by multiangle laser light scattering.  
Next we investigated the introduction of a copper(II)-bis(4-phenyl-2-oxazoline) catalyst, which has 
proven to give high yields and enantioselectivities in asymmetric cyclopropanation reactions. To 
prepare the catalyst for immobilization via a copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 
reaction,13 2,2'-methylenebis[(4S)-4-phenyl-2-oxazoline] had to be modified with an alkyne 
functionality. This was achieved by deprotonation of the methylene bridge with BuLi, followed by 
alkylation with propargyl bromide. We envisioned that double alkylation at this position would not 
only preserve the C2-symmetry of the catalyst, but would also result in a fully cross-linked system, 
which would increase the stability of the polymersomes during extraction. After coordination with 
Cu(OTf)2, catalyst C1 was obtained in an overall yield of 66% (Scheme 1).  
 
Scheme 1. Synthesis of copper-bis(oxazoline) catalyst C1. 
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The polymeric vesicles were prepared with the cosolvent method.14 Ultrapure water was slowly added 
to a solution of block copolymer P1 in THF until a H2O:THF ratio of 50% was reached. During 
the addition the solution changed from colorless to turbid, indicating the presence of polymersomes. 
Next, a solution of catalyst C1 in THF was added, together with CuSO4·5H2O, 
bathophenanthroline sulfonated sodium salt and ascorbic acid. The CuAAC reaction was monitored 
by Fourier transform infrared spectroscopy (FT-IR). After stirring for three days at room 
temperature, the azide peak at 2095 cm-1 completely disappeared (Figure 2a). The polymersomes 
were subsequently transferred to a dialysis membrane and dialyzed against ultrapure water for 72 
hours to remove THF and the CuAAC catalyst.  
 
  a)            b) 
 
 
 
 
 
Figure 2. (a) IR and (b) DLS spectra of polymersomes consisting of block copolymer P1 before (—) and after 
(—) functionalization with catalyst C1. 
To confirm the integrity of the polymersomes after functionalization they were analyzed with 
transmission electron microscopy (TEM, Figure 3a) and cryogenic scanning electron microscopy 
(cryo-SEM, Figure 3b). Figure 3a shows the spherical morphology of the polymeric vesicles, while 
the cross section in Figure 3b reveals their empty inner cavity. The thickness of the membrane was 
estimated to be 25–35 nm. Dynamic light scattering (DLS, Figure 2b) studies proved that the 
diameter of the vesicles did not change after functionalization, having an average diameter of 450–
500 nm. The distribution of copper in the polymersomes was characterized with energy-dispersive 
X-ray spectroscopy (EDX). The overlap between the copper signal in the X-ray map (Figure 3c) and 
the contours of the vesicles in the scanning transmission electron microscopy (STEM) image (Figure 
3d) demonstrate the highly localized concentration of copper in the polymersome bilayer. The 
copper loading of the functionalized polymersomes was 93% (determined with inductively coupled 
plasma mass spectrometry (ICP-MS)).  
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Figure 3. (a) TEM and (b) cryo-SEM images of copper-bis(oxazoline) loaded polymersomes. (c) EDX image 
of three copper-bis(oxazoline) loaded polymersomes. (d) STEM image of the same sample. 
3.3 Catalytic assessment of copper-bis(oxazoline)-functionalized polymersomes 
With these functionalized polymersomes in hand we continued with an assessment of the catalytic 
activity. The polymersomes were employed in a test reaction between styrene and ethyl diazoacetate 
at a 10 mol% copper concentration. To our surprise, the polymersomes started to precipitate after 
approximately 15 minutes presumably due to the accumulation of product in the membrane. 
Reaction times were therefore limited to 10 minutes, which was sufficient to reach a maximum 
conversion, while polymersome precipitation was prevented. After an extraction with CH2Cl2 the 
cyclopropane products could be recovered in a yield of 54% (Table 2, entry 2). This result could not 
be obtained with non-functionalized polymersomes, indicating that the observed activity is due to 
the presence of the copper-bis(oxazoline) catalyst (entry 4).  
To optimize the catalytic performance of the polymersomes, two different catalysts C2 and C3 were 
synthesized (Figure 1). Despite the slightly lower yield of polymersomes loaded with catalyst C2, the 
enantioselectivity significantly improved, making this catalyst superior to catalysts C1 and C3 
(entries 5, 6). These results are in correspondence with previous studies, in which the activity of the 
different catalysts in organic solvents was investigated.1b To evaluate the effect of the catalyst loading 
in the polymersomes, we prepared block copolymers P2 and P3 in which 5% and 20%, respectively, 
of the styrene monomers were functionalized with an azide handle (Table 1). Applying both 
polymers in a catalytic assay between styrene and ethyl diazoacetate did not lead to an increase in 
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conversion nor in enantioselectivity (entries 7, 8). This made us decide to continue further 
experiments with catalyst C2 and polymer P1.  
Table 2. Asymmetric cyclopropanation reaction of styrene derivatives and ethyl diazoacetate.a   
 
Entry R Solvent Time 
(min) 
Load.b 
(mol%) 
Catalyst Polymer Conv.c,d 
(%) 
Trans/cis d Ee transe 
(%) 
1 H H2O 120 10 C1 P1 50f 73/27 60 
2 H H2O   10 10 C1 P1 54 74/26 60 
3 H H2O   10   2 C1 P1 12 72/28 60 
4 H H2O   10   0   - P1   0 - - 
5 H H2O   10 10 C2 P1 39 68/32 84 
6 H H2O   10 10 C3 P1 43 59/41 34g 
7 H H2O   10 10 C2 P2 31 70/30 85 
8 H H2O   10 10 C2 P3 29 71/29 87 
9 H CH2Cl2   10 10 C2   - 40 70/30 86 
10 H H2O   10 10 C2   -   9 67/33 35 
11 H CH2Cl2   10 10 C1   - 53 72/28 64 
12 H H2O   10 10 C1   - 12 72/28 26 
13 OMe H2O   10 10 C2 P1 93i 68/32 59h 
14 Cl H2O   10 10 C2 P1 32i 75/25 53h 
15 tBu H2O   10 10 C2 P1 67i 67/33 71 
16j CO2H H2O   10 10 C2 P1   3 nd nd 
17 NH2 H2O   10 10 C2 P1   0 nd nd 
(a) Reactions were carried out in Milli-Q or CH2Cl2 (3.0 mL) at room temperature using styrene (0.46 mmol, 
5.0 equiv) and ethyl diazoacetate (0.092 mmol, 1.0 equiv). (b) Catalyst loading in mol%. (c) Conversion of 
ethyl diazoacetate into cyclopropane product. (d) Determined by 1H NMR spectroscopy of crude product, 
using triethylene glycol dimethyl ether as an internal standard. (e) Determined by chiral GC. (f) 
Polymersomes started to precipitate after 15 min. (g) Configuration of product was (1S,2S). (h) Determined 
by chiral HPLC. (i) Isolated yields. (j) Substrate was solubilized by addition of Et3N (0.46 mmol, 5.0 equiv). 
To put these results into perspective we performed a study in which the catalytic activity of our 
catalytic polymersomes was compared with the activity of catalyst C2 in Milli-Q and CH2Cl2. Much 
to our satisfaction, the conversion we obtained for the catalytic polymersomes was comparable with 
the conversion of the parent catalyst in CH2Cl2 (entry 9), even when this last reaction was allowed to 
stir for two hours. However, employing catalyst C2 in Milli-Q provided cyclopropane product 1 in 
a much lower yield (entry 10). Furthermore, under these reaction conditions the enantioselectivity 
decreased significantly to 35% while this was not the case for our catalytic polymersomes. A similar 
study with catalyst C1 yielded comparable results (entries 11, 12). These observations indicate that 
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the catalyst inside the polymersomes is surrounded by a hydrophobic environment from which water 
is excluded, since water is affecting both the conversion and the enantioselectivity of the asymmetric 
cyclopropanation reaction. 
In order to investigate the scope of our catalytic polymersomes we screened a series of alkenes for the 
asymmetric cyclopropanation reaction (Table 2, entries 13–17). According to our expectations the 
reaction rate increased when a more activated alkene was used (entry 13), while it dropped when a 
more electron-deficient alkene was applied (entry 14). The presence of a bulky substituent did not 
hamper the reaction, but led to a higher yield instead (entry 15). A remarkable effect was observed 
when we changed the hydrophilicity of the alkene. 4-Vinylbenzoic acid did virtually not produce any 
cyclopropane product, even when it was solubilized with triethylamine (entry 16). To prove that the 
low yield could not be ascribed to the electron-poor nature of the alkenes, we performed an 
asymmetric cyclopropanation reaction with 4-aminostyrene. The intrinsic electron-donating 
property of the amino moiety would theoretically enhance the reaction rate. Nevertheless, only 
starting material could be recovered after work-up (entry 17). We explain this substrate selectivity by 
the hydrophobic concentrator effect.5,15 The hydrophobicity of styrene (log P = 3.05) leads to an 
increased local concentration around the catalyst and therefore to higher reaction rates. However, the 
introduction of a hydrophilic functionality on the alkene increases the solubility in water. This 
lowers the driving force towards the hydrophobic domain of the polymersome bilayer and thus 
diminishes the conversion rate of the asymmetric cyclopropanation reaction.   
3.4 Conclusions 
In conclusion, we have developed a polymersome nanoreactor that can catalyze asymmetric 
cyclopropanation reactions in water with conversions and enantioselectivities that are comparable to 
the performance of the free catalyst in organic solvents. Immobilization of a Cu-bis(oxazoline) 
catalyst inside the polymersome membrane via a CuAAC reaction allowed for stability and a good 
control over the catalyst loading. Furthermore, the hydrophobic environment around the catalyst 
was demonstrated by substrate selectivity. Hydrophobic substrates were readily converted into the 
corresponding cyclopropane products, while hydrophilic substrates did not undergo any reaction. 
This makes these catalytic polymersomes a promising alternative for the asymmetric 
cyclopropanation reaction of hydrophobic alkenes in organic solvents. We envision that 
encapsulating enzymes inside the lumen of these polymeric vesicles will extend this methodology and 
produce multifunctional nanoreactors, capable of performing cascade reactions in a tandem manner.  
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3.6 Experimental section 
See Chapter 2 for the general experimental section and the syntheses of block copolymers P1–P3. 
Chiral Gas chromatography (GC) measurements were performed on a Shimadzu GC2010+, containing an 
Agilent CP-Chiralsil-DEX CB column (25 m, 0.32 mm ID, 0.25 µm DF) using FID detection. Chiral 
HPLC measurements were performed on a Shimadzu LC2010C, containing a Phenomenex Lux Amylose-2 
(250 × 4.6 mm) column, a Phenomenex Lux Cellulose-2 (250 × 4.6 mm) column or a Dr. Maisch Reprosil 
Chiral-OM (250 × 4.6 mm) column, using UV detection (220 nm). EDX images were measured on a JEOL 
TEM 2100 microscope, equipped with a Bruker XFlash 6T|60 EDX module. Sample specimens were 
prepared by placing a drop (6 µL) of a diluted aqueous vesicle solution on an EM science carbon-coated 
nickel grid (200 mesh). The grid was air dried for at least 2 hours and analyzed without further treatment. 
Inductively coupled plasma-mass spectrometry (ICP-MS) measurements were performed on a Thermo Fisher 
Scientific Xseries I quadrupole machine using 5.0 mL samples containing 0.49 mg/L InCl3 solutions as 
internal standard. 
(4S,4'S)-2,2'-(Hepta-1,6-diyne-4,4-diyl)bis(4-phenyl-4,5-dihydrooxazole) (C1a) 
A solution of 2,2‘-methylenebis[(4S)-4-phenyl-2-oxazoline] (400 mg,1.31 mmol, 1.0 
equiv) in dry THF (13 mL) was cooled to -55 °C. n-Butyllithium (1.80 mL of a 1.6 M 
solution in hexanes, 2.88 mmol, 2.2 equiv) was added dropwise. The reaction mixture was 
stirred for 1h, after which propargyl bromide (428 mg of a 80% solution in toluene, 2.88 
mmol, 2.2 equiv) was added. The reaction mixture was subsequently stirred for 3h at -10 
°C. After the reaction was quenched with saturated aqueous NH4Cl, the product was extracted with Et2O (5 × 
30 mL). The resulting organic fraction was dried (Na2SO4) and concentrated in vacuo. Column 
chromatography (EtOAc/heptane, 1:10→1:3) yielded compound C1a (352 mg, 70%) as a yellow oil. Rƒ  
0.56 (EtOAc/heptane, 1:1). [α]20D  = -121.5 (c 1.00, CH2Cl2). FT-IR (ATR): 3291, 2922, 1657, 1189, 1031, 
974, 700 cm-1. 1H NMR (CDCl3, 400 MHz): δ 7.33–7.25 (m, 10H), 5.26 (dd, J = 10.2, 8.1 Hz, 2H), 4.70 
(dd, J = 10.2, 8.4 Hz, 2H), 4.16 (t, J = 8.3 Hz, 2H), 3.27 (dd, J = 5.4, 2.7 Hz, 4H), 2.10 (t, J = 2.6 Hz, 
2H).13C NMR (CDCl3, 126 MHz): δ 166.1, 141.8, 128.7, 127.7, 126.9, 79.2, 75.9, 71.6, 69.9, 45.1, 23.7. 
HRMS (ESI) m/z calcd for C25H23N2O2 (M+H)+: 383.1760, found: 383.1780.  
(4S,4'S)-2,2'-(Hepta-1,6-diyne-4,4-diyl)bis(4-tert-butyl-4,5-dihydrooxazole) (C2a) 
Prepared as described above starting from 2,2‘-isopropylidenebis[(4S)-4-tert-butyl-2-
oxazoline] (300 mg, 1.13 mmol, 1.0 equiv). Column chromatography (EtOAc/heptane, 
1:10→1:5) yielded C2a (270 mg, 70%) as a yellow oil. Rƒ 0.69 (EtOAc/heptane, 1:1). 
[α]20D  = -101.5 (c 1.00, CH2Cl2). FT-IR (ATR): 3294, 2954, 1664, 1479, 1365, 1194, 
1050, 969, 645 cm-1. 1H NMR (CDCl3, 400 MHz) δ 4.19 (dd, J = 10.1, 8.6 Hz, 2H), 
4.08 (dd, J = 8.6, 7.6 Hz, 2H), 3.89 (dd, J = 10.1, 7.6 Hz, 2H), 3.23–3.01 (m, 4H), 
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1.97 (t, J = 2.6 Hz, 2H), 0.88 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 164.3, 79.5, 75.6, 70.9, 69.3, 44.9, 
33.7, 25.8, 23.3. HRMS (ESI) m/z calcd for C21H31N2O2 (M+H)+: 343.2386, found: 343.2371 .  
(4R,4'R,5S,5'S)-2,2'-(Hepta-1,6-diyne-4,4-diyl)bis(4,5-diphenyl-4,5-dihydrooxazole) (C3a) 
Prepared as described above starting from 2,2‘-methylenebis[(4R,5S)-4,5-diphenyl-2-
oxazoline] (400 mg, 0.87 mmol, 1.0 equiv). Column chromatography 
(EtOAc/heptane, 1:10→1:3) yielded C3a (335 mg, 72%) as a bright yellow solid. Rƒ 
0.49 (EtOAc/heptane, 1:1). [α]20D  = +306.5 (c 1.00, CH2Cl2). FT-IR (ATR): 3294, 
3030, 1659, 1497, 1454, 1188, 1049, 964, 697 cm-1. 1H NMR (CDCl3, 400 MHz): δ 
7.04–6.95 (m, 20H), 6.00 (d, J = 10.3 Hz, 2H), 5.64 (d, J = 10.3 Hz, 2H), 3.64–3.37 (m, 4H), 2.25 (t, J = 
2.7 Hz, 2H). 13C NMR (CDCl3, 126 MHz): δ 166.1, 137.0, 135.9, 128.0, 127.7, 127.6, 127.1, 126.6, 86.7, 
79.4, 73.9, 72.0, 45.9, 23.9. HRMS (ESI) m/z calcd for C37H31N2O2 (M+H)+: 535.2386, found: 535.2391.  
[(4S,4'S)-2,2'-(Hepta-1,6-diyne-4,4-diyl)bis(4-phenyl-4,5-dihydrooxazole)]-copper(II) triflate (C1) 
C1a (50.0 mg, 0.13 mmol, 1.0 equiv) was added to a solution of Cu(OTf)2 (47.3 mg, 0.13 
mmol, 1.0 equiv) in anhydrous MeOH (1.5 mL). After stirring for 24 h, the resulting 
product was separated by filtration, washed with MeOH and dried under vacuum to afford 
C1 (89 mg, 92%) as a green solid. 
 
[(4S,4'S)-2,2'-(Hepta-1,6-diyne-4,4-diyl)bis(4-tert-butyl-4,5-dihydrooxazole)]-copper(II) triflate (C2) 
Prepared as described above starting from C2a (35.0 mg, 0.10 mmol, 1.0 equiv). Product 
C2 (67.6 mg, 94%) was afforded as a blue solid.  
 
 
[(4R,4'R,5S,5'S)-2,2'-(hepta-1,6-diyne-4,4-diyl)bis(4,5-diphenyl-4,5-dihydrooxazole)]-copper(II) 
triflate (C3) 
Prepared as described above starting from C3a (50.0 mg, 0.094 mmol, 1.0 equiv). 
Product C3 (77.1 mg, 92%) was afforded as a green solid. 
 
 
Catalytic polymersomes preparation 
Block copolymer P1 (20.0 mg, 1.03 µmol, 18.5 µmol of azides, 1.0 equiv) was dissolved in THF (1.0 mL) in 
a scintillation vial. 1.0 mL of ultrapure water (Milli-Q, 18.2 MΩ) was added dropwise within 1 hour while 
stirring the solution at 700 rpm. The polymersomes were allowed to self-assemble for 30 min. Then, catalyst 
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C1 (8.1 mg, 11.1 µmol, 0.6 equiv) was added, followed by a solution of CuSO4·5H2O (2.7 mg, 11.1 µmol, 
0.6 equiv), bathophenanthroline, sulfonated sodium salt (5.6 mg, 11.1 µmol, 0.6 equiv) and sodium 
ascorbate (4.3 mg, 22.2 µmol, 1.2 equiv) in Milli-Q (100 µL). The dispersion was stirred for 3 days after 
which the polymersomes were transferred to a dialysis membrane (MWCO 30 kDa). The polymersomes were 
subsequently dialyzed against Milli-Q for 72 hours to remove THF and the excess of catalyst. The final 
volume was adjusted to 3.0 mL with Milli-Q. 
Polymersomes functionalized with catalyst C2 and C3 were prepared as described above starting from C2 
(7.7 mg, 11.1 µmol, 0.6 equiv) and C3 (9.8 mg, 11.1 µmol, 0.6 equiv) respectively. 
Polymersomes consisting of block copolymers P2 and P3 were prepared as described above starting from P2 
(40.0 mg, 2.30 µmol, 18.4 µmol of azides, 1.0 equiv) and P3 (11.0 mg, 0.52 µmol, 17.8 µmol of azides, 1.0 
equiv.) 
General procedures asymmetric cyclopropanation reaction 
Procedure A: Catalyst C1, C2 or C3 (9.5 µmol, 10 mol%) was dissolved in dry CH2Cl2 (3 mL) in a 
scintillation vial. Styrene (49.5 mg, 0.475 mmol, 5.0 equiv) was added, followed by ethyl diazoacetate (10.8 
mg, 11.8 µL of 85% solution in CH2Cl2, 0.095 mmol, 1.0 equiv). The reaction mixture was stirred at room 
temperature for 10 min or 2 h, after which the solvent was evaporated. Conversion was determined by 1H 
NMR, using triethylene glycol dimethyl ether as internal standard. 
Procedure B: Same conditions as above but instead of dry CH2Cl2, ultrapure water (Milli-Q, 18.2 MΩ) was 
used as a solvent. The reaction mixture was stirred for 10 min after which the product was extracted with 
CH2Cl2 (5 × 8 mL). The resulting organic fraction was dried (Na2SO4) and concentrated in vacuo. Conversion 
was determined by 1H NMR, using triethylene glycol dimethyl ether as internal standard. 
Procedure C: Catalytic polymersomes, prepared as described above, were transferred to a scintillation vial 
charged with a stirring bar. Styrene (49.5 mg, 0.475 mmol, 5.0 equiv) was added, followed by ethyl 
diazoacetate (10.8 mg, 11.8 µL of 85% solution in CH2Cl2, 0.095 mmol, 1.0 equiv). The reaction mixture 
was stirred for 10 min after which the product was extracted with CH2Cl2 (5 × 8 mL). The resulting organic 
fraction was dried (Na2SO4) and concentrated in vacuo. Conversion was determined by 1H NMR, using 
triethylene glycol dimethyl ether as internal standard. 
(R)-Ethyl 2-phenylcyclopropanecarboxylate (1) 
Prepared as described in procedure C, starting from styrene (49.5 mg, 0.475 mmol, 5.0 
equiv).  The catalytic polymersomes consisted of P1 block copolymers and were 
functionalized with catalyst C2. Column chromatography (EtOAc/heptane, 1:20) 
yielded 1 as a mixture of trans and cis isomers (7.3 mg, 42%) as colorless oil. Cis isomer: ee = 72% (Chiral-sil 
GC column). 1H NMR (CDCl3, 400 MHz): δ 7.28–7.05 (m, 5H), 3.87 (q, J = 7.1 Hz, 2H), 2.58 (dt, J = 
9.0, 7.6 Hz, 1H), 2.06 (ddd, J = 9.3, 7.8, 5.6 Hz, 1H), 1.71 (ddd, J = 7.5, 5.6, 5.1 Hz, 1H), 1.33–1.28 (m, 
1H), 0.95 (t, J = 7.1 Hz, 3H). Trans isomer: ee = 84% (Chiral-sil GC column). 1H NMR (CDCl3, 400 
MHz): δ 7.30–7.07 (m, 5H), 4.17 (q, J = 7.2 Hz, 2H), 2.52 (ddd, J = 9.2, 6.5, 4.2 Hz, 1H), 1.90 (ddd, J = 
8.4, 5.3, 4.2 Hz, 1H), 1.60 (ddd, J = 9.2, 5.3, 4.5 Hz, 1H), 1.34–1.30 (m, 1H), 1.28 (t, J = 7.2 Hz, 3H). 
Spectral data are in accordance with literature.16  
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(R)-Ethyl 2-(4-methoxyphenyl)cyclopropanecarboxylate (2) 
Prepared as described in procedure C, starting from 4-methoxystyrene (63.8 mg, 
0.475 mmol, 5.0 equiv). The catalytic polymersomes consisted of P1 block 
copolymers and were functionalized with catalyst C2. Column chromatography 
(EtOAc/heptane, 1:20) yielded 2 as a mixture of trans and cis isomers (19.0 mg, 93%) as an amorphous solid. 
Cis isomer: ee = 53% (HPLC eluent heptane:isopropanol = 97:3, flow 0.5 mL/min, oDH column). 1H NMR 
(CDCl3, 400 MHz): δ 7.21–7.15 (m, 2H), 6.82–6.77 (m, 2H), 3.89 (q, J = 7.2 Hz, 2H), 3.77 (s, 3H), 2.58–
2.47 (m, 1H), 2.03 (ddd, J = 9.2, 7.8, 5.6 Hz, 1H), 1.65 (dt, J = 7.5, 5.3 Hz, 1H), 1.33–1.29 (m, 1H), 1.01 
(t, J = 7.1 Hz, 3H). Trans isomer: ee = 59 % (HPLC eluent heptane:isopropanol = 97:3, flow 0.5 mL/min, 
oDH column). 1H NMR (CDCl3, 400 MHz): δ 7.07–7.00 (m, 2H), 6.85–6.79 (m, 2H), 4.16 (q, J = 7.1 Hz, 
2H), 3.78 (s, 3H), 2.48 (ddd, J = 9.2, 6.5, 4.2 Hz, 1H), 1.82 (ddd, J = 8.4, 5.2, 4.2 Hz, 1H), 1.58–1.52 (m, 
1H), 1.28 (t, J = 7.1 Hz, 3H), 1.26–1.22 (m, 1H). Spectral data are in accordance with literature.16  
(R)-Ethyl 2-(4-chlorophenyl)cyclopropanecarboxylate (3) 
Prepared as described in procedure C starting from 4-chlorostyrene (65.8 mg, 0.475 
mmol, 5.0 equiv). The catalytic polymersomes consisted of P1 block copolymers and 
were functionalized with catalyst C2. Column chromatography (EtOAc/heptane, 
1:20) yielded 3 as a mixture of trans and cis isomers (6.6 mg, 32%) as colorless oil. Cis isomer: ee = 35% 
(HPLC eluent heptane:isopropanol = 95:5, flow 0.5 mL/min, amylose column). 1H NMR (CDCl3, 400 
MHz): δ 7.23–7.18 (m, 4H), 3.90 (q, J = 7.2 Hz, 2H), 2.50–2.45 (m, 1H), 2.08 (ddd, J = 9.2, 7.9, 5.6 Hz, 
1H), 1.70–1.64 (m, 1H), 1.38–1.32 (m, 1H), 1.02 (t, J = 7.1 Hz, 3H). Trans isomer: ee = 53% (HPLC 
eluent heptane:isopropanol = 95:5, flow 0.5 mL/min, amylose column). 1H NMR (CDCl3, 400 MHz): δ 
7.26–7.22 (m, 2H), 7.05–7.00 (m, 2H), 4.17 (q, J = 7.1 Hz, 2H), 2.56–2.50 (m, 1H), 1.86 (ddd, J = 8.4, 
5.3, 4.2 Hz, 1H), 1.64–1.57 (m, 1H), 1.32–1.24 (m, 1H), 1.28 (t, J = 7.1 Hz, 3H). Spectral data are in 
accordance with literature.17  
(R)-Ethyl 2-(4-(tert-butyl)phenyl)cyclopropanecarboxylate (4) 
Prepared as described in procedure C starting from 4-tert-butylstyrene (76.1 mg, 
0.475 mmol, 5.0 equiv). The catalytic polymersomes consisted of P1 block 
copolymers and were functionalized with catalyst C2. Column chromatography 
(EtOAc/heptane, 1:20) yielded 4 as a mixture of trans and cis isomers (15.0 mg, 
67%) as colorless oil. Cis isomer: ee = 62% (HPLC eluent heptane:isopropanol = 99:1, flow 0.3 mL/min, 
cellulose-2 column). 1H NMR (CDCl3, 400 MHz): δ 7.30–7.26 (m, 2H), 7.21–7.17 (m, 2H), 3.93–3.80 (m, 
2H), 2.51–2.46 (m, 1H), 2.05 (ddd, J = 9.3, 7.8, 5.6 Hz, 1H), 1.72–1.66 (m, 1H), 1.34–1.28 (m, 1H), 1.29 
(s, 9H), 0.92 (t, J = 7.1 Hz, 3H). Trans isomer: ee = 71% (Chiral-sil GC column). 1H NMR (CDCl3, 400 
MHz): δ 7.33–7.29 (m, 2H), 7.06–7.02 (m, 2H), 4.16 (q, J = 7.2 Hz  2H), 2.58–2.51 (m, 1H), 1.88 (ddd, J 
= 8.4, 5.3, 4.1 Hz, 1H), 1.61–1.55 (m, 1H), 1.34–1.28 (m, 1H), 1.30 (s, 9H), 1.29–1.25 (m, 3H). Spectral 
data are in accordance with literature.16  
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4.1 Introduction 
The field of asymmetric organocatalysis has witnessed a tremendous growth in the last decade. Ever 
since the pioneering work of List1 and Macmillan,2 chemists have been seeking novel applications to 
exploit the catalytic nature of small organic molecules. One emerging trend has been the utilization 
of organocatalysts in aqueous media. Despite the apparent benefits of water, realization of this 
concept has been far from trivial since the presence of water often hampers the formation of the 
intermediate in organocatalytic reactions. For instance, in the L-proline-catalyzed asymmetric aldol 
reaction between 4-nitrobenzaldehyde and ketone donors, yields and selectivities significantly drop 
when water is added to the reaction mixture.3 To overcome these incompatibility issues, the 
organocatalyst has to be effectively shielded from the aqueous environment. The research groups of 
Barbas4 and Hayashi5 solved this problem by adding a hydrophobic group to the proline catalyst 
which sequesters the enamine intermediate away from water. Armstrong and coworkers6 used a 
cyclodextrin that could bind a tert-butylphenoxyproline molecule to achieve a site-isolated catalytic 
system in water. Other strategies involve the immobilization of organocatalysts on polystyrene 
resins,7 acrylic beads,8 micelles,9 and stimuli-responsive polymers.10 Most of these heterogeneous 
catalysts take advantage of a confined hydrophobic microenvironment that maximizes the substrate 
concentration around the catalyst.11 This often results in an increase in reaction rate compared to the 
activity of the homogeneous catalyst under non-aqueous conditions.  
In Chapter 3 we demonstrated the embedding of a chiral copper-bis(oxazoline) catalyst inside the 
hydrophobic domain of a polymersome membrane via a copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC) reaction.12 By applying these polymersomes in an aqueous asymmetric 
cyclopropanation reaction between ethyl diazoacetate and styrene derivatives, we showed that the 
corresponding cyclopropane products were obtained in high yields and enantioselectivities.13 These 
results encouraged us to investigate the immobilization of other catalysts inside the polymersome 
bilayer. Given the powerful nature of L-proline in catalyzing asymmetric aldol reactions, we 
envisioned that affixation of this organocatalyst in the membrane of a polymersome would yield a 
catalytic system that could mimic the activity of an aldolase enzyme.14 Additionally, it was expected 
that the polymersomes could be readily separated from the products by extraction, which would 
allow them to be reused in subsequent aldol reactions. 
4.2 Synthesis and characterization of L-proline-functionalized polymersomes 
To allow the immobilization of L-proline in the polymersome membrane, it had to be functionalized 
with an alkyne tail. We started off with N-Boc-trans-4-hydroxy-L-proline methyl ester, which was 
commercially available. However, applying the alkylating conditions described by Font et al.7b to this 
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substrate rendered the catalyst partially epimerized. To prevent this we switched to N-Boc-trans-4-
hydroxy-L-proline instead which contained a less acidic α-proton. Using 2.0 equivalents of sodium 
hydride and propargyl bromide now yielded the alkylated proline diastereo- and enantiomerically 
pure. A subsequent deprotection step with HCl provided catalyst 2 in a 57% overall yield (Scheme 
1). 
  
Scheme 1. Synthesis of catalyst 2.  
Next we turned our attention to the synthesis of the block copolymers. Following the described 
conditions for the preparation of poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl azide) (PEG-
b-P(S-co-4-VBA)) polymers we obtained block copolymers P1–P6 with varying azide contents, 
simply by changing the ratio between styrene and 4-vinylbenzyl chloride during the reversible 
addition-fragmentation chain transfer polymerization (RAFT) (Table 1). Subsequent polymersome 
assembly was achieved through the addition of Milli-Q to a solution of the block copolymers in 
THF, also known as the cosolvent method.15  
Table 1. Molecular characteristics of block copolymers P1–P6. 
PEG-b-P(S(n-m)-
co-4-VBAm)n 
na mb Mn NMRc 
(103 g/mol) 
Mn MALLSd        
(103 g/mol) 
PDI (Mw/Mn)e 
P1 157 29 20.0 20.6 1.46 
P2 142 31 18.6 35.9 1.25 
P3 150 51 20.4 22.8 1.30 
P4 162 68 22.5 32.3 1.27 
P5 124 16 16.0 23.9 1.52 
P6 141   8 17.4 24.0 1.26 
(a) Calculated number average degree of P(S-co-4-VBA) determined by 1H NMR spectroscopy using PEG as 
internal standard. (b) Calculated number average degree of P(4-VBA) determined by 1H NMR spectroscopy 
using PEG as internal standard. (c) Number average molecular weight determined by 1H NMR spectroscopy. 
(d) Number average molecular weight determined by multiangle laser light scattering. (e) Polydispersity 
(Mw/Mn) determined by multiangle laser light scattering.  
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Figure 1. Chemical structures of azide-functionalized block copolymers P1–P6, catalyst 2 and cross-linker 3 
(top) and a schematic representation of a proline-loaded polymersome (bottom). 
In an initial attempt to produce the catalytic polymersomes, we added proline catalyst 2 together 
with CuSO4·5H2O, bathophenanthroline sulfonated sodium salt and ascorbic acid to a dispersion of 
the polymersomes in H2O:THF (50:50, v/v). Although Fourier transform infrared spectroscopy 
(FTIR) showed a full conversion of the azides after three days of stirring, the functionalization was 
accompanied with a significant loss in turbidity of the sample. This suggested a decrease in the 
number of polymersomes, which can be explained by the introduction of the proline moieties inside 
the hydrophobic block of the membrane. Since proline is very hydrophilic, anchoring many of these 
catalysts to the hydrophobic styrene monomers might switch the hydrophobicity of the polystyrene 
block to hydrophilic and make the block copolymers soluble in the H2O:THF mixture. Adding a 
small amount of cross-linker 3 (Figure 1) to the polymersome dispersion provided a solution to this 
problem. The CuAAC reaction could now still go to full completion (Figure 3b) while the integrity 
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of the polymersomes was preserved, as confirmed by transmission electron microscopy (TEM, Figure 
2a,b) and dynamic light scattering (DLS, Figure 3a). The slightly smaller size of the polymersomes 
after functionalization might have been the result of an increase in polarity of the hydrophobic block 
which is known to have a negative effect on the polymersome diameter.16 TEM analysis of the 
membrane revealed that the thickness was not significantly affected by the functionalization and was 
estimated to be 25–35 nm (Figure 2c). 
 
Figure 2. (a,b) TEM images of polymersomes consisting of block copolymer P1 before (a) and after (b) 
functionalization with catalyst 2 and cross-linker 3. (c) Distribution of polymersome membrane thickness 
(sample size: 25) before and after functionalization. 
a)          b)  
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) DLS and (b) IR spectra of polymersomes consisting of block copolymer P1 before (—) and after 
(—) functionalization with proline catalyst 2 and cross-linker 3. 
4.3 Catalytic assessment of L-proline-functionalized polymersomes 
After a dialysis step to remove THF and the CuAAC catalyst we employed the polymersomes in the 
benchmark reaction between 4-nitrobenzaldehyde and cyclohexanone. Starting with polymersomes 
constructed out of block copolymer P1, a catalyst loading of 30 mol%, and an aldehyde 
concentration of 83 mM we were able to recover 9% of the desired β-hydroxyketone 4 after 22 h of 
stirring (Table 2, entry 1). Despite the low yield, the diastereo- and enantioselectivity of the reaction 
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were acceptable which confirmed the viability of our concept. We argued that the low yield could be 
ascribed to the low concentration of water inside the hydrophobic membrane. From previous studies 
it is known that the addition of a small amount of water helps to speed up the proline-catalyzed 
aldol reaction in organic solvents.7a,10b,17 To increase the water content in the polymersome 
membranes, we opted to add a small amount of THF. Due to the compatibility with both water and 
polystyrene, THF can act as a plasticizer that renders the membrane more accessible to the aqueous 
environment. Indeed, adding 10% (v/v) of THF to the reaction mixture led to an increase in 
conversion to 40% whilst the diastereomeric excess (de) and the enantiomeric excess (ee) rose to an 
excellent 90% and 95%, respectively. Nevertheless, when the THF content was further increased to 
25% the yield decreased again, implying that the presence of too much water interferes with catalysis 
(entry 3). Another improvement in reaction rate could be established upon raising the aldehyde 
concentration to 120 mM, providing β-hydroxyketone 4 in 62% yield (entry 4). We refrained from 
using higher concentrations of substrates to avoid phase separation between cyclohexanone and 
water. 
Table 2. Asymmetric aldol reaction of cyclohexanone and 4-nitrobenzaldehyde.a  
 
Entry Reaction 
time (h) 
Conc. aldeh. 
(mM) 
H2O:THF Polymer Azide 
cont. (%) 
Conv.b,c 
(%) 
Anti/syn c Ee anti d 
(%) 
1 22   83 100:0 P1 18   9 87/13 88 
2 22   83 90:10 P1 18 40   95/5 95 
3 22   83 72:25 P1 18 29   95/5 96 
4 22 120 90:10 P1 18 62   95/5 95 
5 22 120 90:10 P2 22 60   96/4 98 
6 22 120 90:10 P3 34 17   92/8 95 
7 22 120 90:10 P4 42 21   95/5 94 
8 22 120 90:10 P5 13 31   94/6 92 
9 22 120 90:10 P6   5 16 89/11 89 
10e 22 120 90:10   -   -   4 71/29   1 
11 72 120 90:10 P2 22 99   96/4 98 
(a) Reactions were carried out at room temperature using a 4:1 ratio between cyclohexanone and 4-
nitrobenzaldehyde, a catalyst concentration of 30 mol% and a reaction volume of 1.0 mL. (b) Conversion of 
4-nitrobenzaldehyde into β-hydroxyketone 4. (c) Determined by 1H NMR spectroscopy of crude product. (d) 
Determined by chiral HPLC. (e) L-proline was used as catalyst.  
An interesting observation was made when we varied the catalyst content in the polymersomes. This 
was achieved by using block copolymers P2–P6 for the assembly of the polymersomes, all of which 
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contained a different degree of azide functionalization. It is worth mentioning that for fair 
comparison the catalyst concentration was kept at 30 mol% in all experiments. When the catalyst 
loading per polymersome was increased to 22% the reaction rate remained more or less constant 
(entry 5). Substantially lower yields were obtained, however, when polymersomes were used in 
which 34% and 42% of the styrene monomers were functionalized with a proline catalyst (entries 6, 
7). On the other hand, when the catalyst loading was lowered to 13% or 5% the reaction rate 
declined as well (entries 8, 9). Although the exact reason for this trend remains unknown, we 
speculate that access of the substrates to the catalyst plays an important role. At low catalyst loadings, 
the hydrophobic volume is relatively large due to the higher number of polymersomes that are 
required to attain a 30 mol% catalyst concentration. This leads to a reduced substrate concentration 
per membrane volume and therefore to a lower reactant availability at the catalytic site. In contrast, 
there is a considerably smaller substrate capacity in the membranes when using polymers with a high 
degree of functionalization. As these membranes contain more catalysts, there is less room available 
to accommodate the substrates. This also results in a lower overall concentration of reactants 
accessible to the catalyst. It could well be that at an 18–22% functionalization level the substrate 
concentration surrounding the catalyst is at a maximum, which causes the reaction rate to peak. A 
similar effect was observed by Lu et al. when they investigated the aqueous asymmetric aldol reaction 
in PMMA nanogels.10 At identical catalyst loadings the conversion reached an optimum when the 
nanogel was functionalized for 2 wt% with L-proline monomers. Applying nanogels with higher or 
lower degrees of functionalization led to a significant drop in reaction rate.  
The sequestering effect of the polymersome membrane was demonstrated when we employed L-
proline as a catalyst in the aqueous asymmetric aldol reaction. Under identical circumstances we 
could now only recover 4% of product 4. More compelling evidence was obtained when we 
measured the de and ee of the reaction. With an anti/syn ratio of 71/29 and an almost racemic 
mixture of enantiomers the control reaction could be considered as non-asymmetric. In a final 
attempt to improve the yield of the aldol reaction we extended the reaction time to 72 h (entry 11). 
Much to our satisfaction, β-hydroxyketone 4 was isolated nearly at full conversion while the 
diastereo- and enantioselectivity were preserved to an excellent degree.  
4.4 Recycling experiments 
With the optimized conditions established, we investigated the recyclability of the catalytic 
polymersomes. To ensure the complete removal of product after the first cycle we decided to spin 
the polymersomes down after completion of the reaction. Next, we separated the aqueous 
supernatant, redispersed the polymersomes in ethyl acetate and centrifuged them again. After the 
organic phase had been removed and combined with the aqueous supernatant, the polymersomes 
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were redispersed in a H2O:THF mixture and new substrates were added to initiate the next reaction 
cycle. Following this procedure, we were able to reuse our catalytic polymersomes five consecutive 
times without noticeable deterioration of the catalyst or the interior structure of the polymersome 
membrane. More strikingly, both the yield and the de/ee did not show any decline over the course of 
the five cycles (Figure 4). This proves the robustness of our system and illustrates the potential of 
these polymersomes as green recyclable catalysts in aqueous asymmetric reactions. 
 
Figure 4. Diagram of the isolated yield, enantiomeric excess, and diastereomeric excess of the asymmetric 
aldol reaction between 4-nitrobenzaldehyde and cyclohexanone repeated over five cycles with L-proline 
functionalized polymersomes. Reactions were carried out in duplo in a 1.0 mL MilliQ:THF (90:10) mixture 
at room temperature using 4-nitrobenzaldehyde (120 mM), cyclohexanone (480 mM) and a 30 mol% 
catalyst loading.  
4.5 Conclusions 
In summary, we have designed a polymersome nanoreactor capable of catalyzing asymmetric aldol 
reactions in water with excellent yields, diastereoselectivities, and enantioselectivities. The successful 
immobilization of an L-proline catalyst in the polymersome membrane was achieved via a CuAAC 
reaction, which provided a protective hydrophobic environment for the enamine intermediate. The 
rate of the aldol reaction turned out to be highly dependent on the substrate concentration, the 
catalyst loading per polymersome, and the amount of plasticizer present in the aqueous solution. 
Optimizing these conditions allowed us to produce β-hydroxyketone 4 in almost quantitative yield 
and with high enantio- and diasteromeric purity. Furthermore, we managed to recycle the polymeric 
vesicles up to five times while preserving the excellent catalytic properties of the polymersomes. With 
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the possibility to expand the catalytic system with a second site-isolated (bio)catalyst and driven by 
the increasing demand for green reusable catalysts, we foresee a promising future for these polymeric 
nanoreactors as versatile platforms for multistep asymmetric reactions in aqueous solutions.  
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4.7 Experimental section 
See Chapter 2 for the general experimental section and the synthesis of block copolymers P1–P6 and cross-
linker 3. 
Chiral HPLC measurements were performed on a Shimadzu LC 2010C, containing a Chiralpak AD-H (250 
× 4.6 mm) column, using UV detection (220 nm). 
(2S,4R)-1-(tert-Butoxycarbonyl)-4-(prop-2-yn-1-yloxy)pyrrolidine-2-carboxylic acid (1) 
N-Boc-trans-4-hydroxy-L-proline (2.00 g, 8.66 mmol, 1.0 equiv) was dissolved in 
anhydrous THF (40 mL) at -78 °C. Sodium hydride (692 mg of a 60 wt. % dispersion in 
mineral oil, 17.3 mmol, 2.0 equiv) was added in small portions and the solution was stirred 
for 10 min. Next, an additional amount of THF (20 mL) was added, followed by the 
addition of propargyl bromide (2.06 g of a 80 wt. % in toluene, 17.3 mmol, 2.0 equiv). 
After 10 min of stirring, the solution was allowed to warm up to 0 °C and was stirred at this temperature for 2 
h. The solution was then warmed up to ambient temperature and was stirred for an additional 18 h. 
Afterwards, the solution was cooled to -60 °C, quenched with 5 mL water, and allowed to warm up to 
ambient temperature. Saturated aqueous NH4Cl (10 mL) was added and the mixture was acidified to pH 2 
with 1 M HCl solution. The product was extracted with CH2Cl2 (3 × 50 mL), after which the resulting 
organic fractions were dried (Na2SO4) and concentrated in vacuo. Column chromatography (MeOH/CH2Cl2, 
2%→4%) yielded compound 1 (1.47 g, 63%) as a yellow solid. Rƒ 0.20 (CH2Cl2/MeOH, 9:1). [α]20D  = -101 
(c 0.1, CH2Cl2). FT-IR (ATR): 3263, 2979, 1695, 1407, 1162, 1090 cm-1.1H NMR (CDCl3, 400 MHz, 
mixture of rotamers): δ 4.45 (t, J = 7.5 Hz, 0.5H), 4.38–4.27 (m, 1.5H), 4.23–4.09 (m, 2H), 3.73–3.50 (m, 
2H), 2.50–2.37 (m, 2H), 2.36–2.26 (m, 0.5H), 2.21–2.11 (m, 0.5H), 1.49 (s, 4.5H), 1.42 (s, 4.5H).13C 
NMR (CDCl3, 75 MHz, mixture of rotamers): δ 178.5 (174.8), 156.6 (153.9), 82.1 (80.9), 79.3, 76.1 
(75.9), 75.1, 58.0 (57.9), 56.6, 52.01 (51.2), 36.6 (34.3), 28.5 (28.4). HRMS (ESI) m/z calculated for 
C13H20NO5 (M+H)+: 270.0817, found: 270.0823. 
(2S,4R)-4-(Prop-2-yn-1-yloxy)pyrrolidine-2-carboxylic acid hydrochloride (2) 
To a solution of 2 M HCl in EtOAc (44 mL) was added dropwise a solution of 1 (871 mg, 
3.24 mmol, 1.0 equiv) in AcOH (2 mL). After stirring for 45 min the reaction mixture was 
quenched with tert-butanol (8.4 mL). The solution was stirred for an additional 15 min 
before it was concentrated in vacuo. Milli-Q (25 mL) was added and the solution was 
lyophilized. The resulting powder was redissolved in MilliQ (25 mL) and the solution was 
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lyophilized again. Product 2 was isolated as the HCl salt, a yellow solid, in 90% yield (600 mg). [α]20D  = -26.2 
(c 1.0, H2O). FT-IR (ATR): 3250, 2912, 1733, 1215, 1080, 672 cm-1.1H NMR (D2O, 400 MHz): δ 4.49 (t, 
J = 3.9 Hz, 1H), 4.43–4.34 (m, 1H), 4.13 (d, J = 2.4 Hz, 2H), 3.50–3.35 (m, 2H), 2.78 (t, J = 2.4 Hz, 1H), 
2.59–2.50 (m, 1H), 2.18–2.08 (m, 1H).13C NMR (D2O, 75 MHz): δ 171.3, 78.6, 76.4, 75.7, 58.0, 55.7, 
50.2, 33.7. HRMS (ESI) m/z calculated for C8H11NNaO3 (M+Na-HCl)+: 192.1161, found: 192.1170. 
Typical procedure catalytic polymersomes preparation 
Block copolymer P2 (21.8 mg, 1.16 µmol, 35.9 µmol of azides, 1.0 equiv) was dissolved in THF (1.5 mL) in 
a scintillation vial. 1.5 mL of ultrapure water (Milli-Q, 18.2 MΩ) was added dropwise within 1 hour while 
stirring the solution at 700 rpm. The polymersomes were allowed to self-assemble for 30 min. Then, catalyst 
2 (10.0 mg, 48.5 µmol, 1.35 equiv) was added, followed by a solution of cross-linker 3 (1.5 mg, 5.4 µmol, 
0.15 equiv) in THF (100 µL), and a solution of CuSO4·5H2O (0.9 mg, 3.6 µmol, 0.1 equiv), 
bathophenanthroline, sulfonated sodium salt (1.9 mg, 3.6 µmol, 0.1 equiv) and sodium ascorbate (71.2 mg, 
0.359 mmol, 10.0 equiv) in Milli-Q (200 µL). The dispersion was stirred for 3 days after which the 
polymersomes were transferred to a dialysis membrane (MWCO 30 kDa). The polymersomes were 
subsequently dialyzed against Milli-Q for 24 h to remove THF and the excess of catalyst. The final volume 
was concentrated to 0.9 mL by centrifugation. 
Typical procedure asymmetric aldol reaction 
Catalytic polymersomes, prepared as described above, were transferred to a test tube charged with a stirring 
bar. THF (100 µL) was added, followed by cyclohexanone (47.1 mg, 0.48 mmol, 4.0 equiv) and 4-
nitrobenzaldehyde (18.1 mg, 0.12 mmol, 1.0 equiv), The reaction mixture was stirred at rt for 72 h. Next, the 
reaction mixture was extracted with CH2Cl2 (3 × 1 mL), dried over Na2SO4, and concentrated in vacuo. 
Alternatively, in case of the recycling experiments, the polymersomes were spun down at 13000 rpm for 25 
min. The supernatant was removed and the polymersomes were redispersed in EtOAc, These two steps were 
repeated three times after which the organic and aqueous fractions were combined and concentrated in vacuo. 
The polymersomes were finally redispersed in 0.9 mL Milli-Q and used in the subsequent reaction cycle.  
(S)-2-((R)-Hydroxy(4-nitrophenyl)methyl)cyclohexanone (4) 
Prepared as described above. Product 4 was recovered as a white solid (29.3 mg, 98%) as 
a (anti/syn = 96/4) mixture of diastereoisomers. 1H NMR (CDCl3, 400 MHz): δ 8.26–
8.18 (m, 2H), 7.55–7.47 (m, 2H), 5.49 (m, <1H = syn), 4.90 (dd, J = 8.4, 3.1 Hz, 1H = 
anti), 4.07 (d, J = 3.1 Hz, 1H), 2.59 (dddd, J = 14.0, 8.4, 5.5, 1.2 Hz, 1H), 2.50 (dddd, 
J = 13.8, 4.4, 2.7, 1.8 Hz, 1H), 2.37 (tdd, J = 13.6, 6.2, 1.2 Hz, 1H), 2.12 (ddd, J = 12.1, 6.0, 2.9 Hz, 1H), 
1.88–1.79 (m, 1H), 1.75–1.50 (m, 3H), 1.45–1.32 (m, 1H). Ee anti diastereoisomer = 98% (HPLC eluent 
heptane:isopropanol = 95:5, flow 1.0 mL/min). Rt1 = 45.8 min (R,S), Rt2 = 62.9 min (S,R). Spectral data are 
in accordance with literature.10b 
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5.1 Introduction 
In an attempt to mimic the biosynthetic efficiencies of nature and in a search for greener, more 
sustainable alternatives to nowadays ways of producing chemicals, one-pot cascade reactions have 
attracted much attention in the past decade. One of the major challenges one encounters in 
realization of this concept is catalyst incompatibility. As described in Chapter 1, a large variety of 
nanoreactors has been developed to perform metal and organocatalyzed reactions in aqueous media. 
Some of these structures, however, have also been used to site-isolate catalysts in aqueous cascade 
reactions. For instance, poly(isocyanoalanine(2-thiophen-3-yl-ethyl)amide) (PS-PIAT) 
polymersomes have been employed by Kuiper et al. to create nanoreactors that contained either 
glucose oxidase (GOx) or horseradish peroxidase (HRP).1 When the two enzyme-loaded 
polymersomes were mixed together, they were able to perform a two-step cascade reaction in which 
the activity of the enzymes was preserved. The same polymersomes have also been applied for the 
construction of a three-enzyme-containing nanoreactor.2  By the selective positioning of GOx, HRP 
and Candida antarctica lipase B (CalB) in different compartments of the polymersome a three-step 
cascade reaction could be realized within a confined nanoenvironment. Recently another cascade 
reaction in PS-PIAT polymersomes has been reported catalyzed by a Baeyer-Villiger monooxygenase 
(PAMO), an alcohol dehydrogenase (ADH) and CalB.3 The authors showed that encapsulation of 
the latter two enzymes only had a minor negative effect on the overall rate of the cascade reaction 
and furthermore demonstrated the protective environment of the PS-PIAT polymersomes by 
replacing CalB for a protease. Besides polymersomes, layer-by-layer (LbL) microcapsules,4 hexagon 
DNA strips,5 and biohybrid macromolecules6 have been successfully applied as carriers in 
multicatalyst cascade reactions.  
The above-described examples show the efficacy of nanoreactors in overcoming incompatibility 
issues between catalysts. However, all of these compartmentalization strategies are focused on the 
site-isolation of different enzymes. Nanoreactors in which enzymes and metal catalysts or enzymes 
and organocatalysts are spatially separated are far less explored. Gelman et al. carried out a successful 
one-pot tandem esterification-hydrogenation reaction catalyzed by a sol-gel entrapped lipase and 
rhodium complex.7 In this way they could obtain enantiomerically pure (S)-2-methylbutanol in a 
yield that was superior to the use of non-immobilized enzymes and metal catalysts. Recently, Toste 
and coworkers reported a supramolecular approach to site-isolate a metal catalyst from an enzyme.8 
By encapsulation of a gold catalyst in a supramolecular Ga4L6 cage, they could effectively shield it 
from poisoning a lipase. This improved the conversion and enantioselectivity of a tandem kinetic 
resolution-cyclization reaction. 
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In this Chapter we describe a novel one-pot aqueous cascade reaction catalyzed by an oxidoreductase 
and L-proline-functionalized polymersomes. We show that β-hydroxy ketones can be produced in 
good yields and excellent enantio- and diastereoselectivities, starting from 4-nitrobenzyl alcohol and 
cyclohexanone. Furthermore, we demonstrate that these β-hydroxy ketones can be 
diastereoselectively reduced in a subsequent enzymatic step without intermediate work-up. This one-
pot two-step procedure provides 1,3-diols in good yields with high control over the selectivity of the 
three chiral centers.  
5.2 One-pot oxidation-asymmetric aldol reaction catalyzed by laccase and L-proline-
functionalized polymersomes 
In Chapter 4 we discussed the asymmetric aldol reaction between 4-nitrobenzaldehyde and 
cyclohexanone with L-proline-functionalized polymersomes. Due to the location of proline inside 
the hydrophobic domain of the polymersome membrane, the catalyst was virtually shielded from the 
surrounding aqueous environment. This allowed us to produce β-hydroxy ketones in water with 
yields and selectivities that were comparable with the performance of the homogeneous catalyst in 
organic solvents.  
Although the stability of 4-nitrobenzaldehyde in water is relatively high, its inherent electrophilicity 
makes it a potential target for nucleophilic attack by solvents or other reagents, resulting in undesired 
side-products. An in situ generation of 4-nitrobenzaldehyde out of 4-nitrobenzyl alcohol would 
prevent this by maintaining a steady, but low concentration of the intermediate in solution. For this 
reason, we set out to investigate the oxidation-asymmetric aldol reaction sequence of 4-nitrobenzyl 
alcohol and cyclohexanone.   
Laccases are a class of enzymes capable of catalyzing oxidation reactions of various low molecular 
weight compounds. The high stability, low toxicity and mild reaction conditions under which 
laccases operate, make their use widespread, ranging from fine chemical industry to applications in 
the production of food, textile and cosmetics.9 Besides the power of laccases in catalyzing phenolic 
substrates it was discovered that the enzymes are able to oxidize non-phenolic molecules with the 
help of a mediator.10 Galli and coworkers performed a comparative study between twelve mediators 
in the oxidation of 4-methoxybenzyl alcohol and found TEMPO ((2,2,6,6-tetramethyl-piperidin-1-
yl)oxyl) to be the most effective one.11 As a starting point it was therefore decided to employ 0.3 
equivalents of TEMPO in the laccase-catalyzed oxidation reaction of 4-nitrobenzyl alcohol in Milli-
Q:THF (90:10). Despite the lower electron-donating nature of 4-nitrobenzyl alcohol compared to 
4-methoxybenzyl alcohol, we were pleased to see that substrate 1 was readily converted after 24 h, 
providing 4-nitrobenzaldehyde 2 as the main product together with a small amount of over-oxidized 
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4-nitrobenzoic acid 3 (Table 1, entry 1). Nevertheless, when the oxidation reaction was combined 
with the polymersome-catalyzed asymmetric aldol reaction, only 18% of β-hydroxy ketone 4 could 
be recovered after 72 h (entry 2). Since the remaining product did not contain any 4-
nitrobenzaldehyde or 4-nitrobenzoic acid it was concluded that the oxidation step was hampered 
during the reaction. Additional 1H NMR analysis of the crude product revealed the presence of 
TEMPO-cyclohexanone adducts 6 and 7 (Scheme 1).  
 
Scheme 1. Synthesis of TEMPO-cyclohexanone adducts 6 and 7. 
We presume that these side-products were formed by nucleophilic attack of the enamine of 
cyclohexanone, which is an intermediate in the asymmetric aldol reaction, on the electrophilic 
oxygen of oxidized TEMPO 5. Once this reaction takes place, TEMPO can no longer function as a 
mediator and the oxidation of 4-nitrobenzyl alcohol will be terminated at an early stage. In an 
attempt to keep the oxidation going we increased the concentration of TEMPO to 2.0 equivalents. 
Unfortunately, this did not only increase the oxidation rate of 4-nitrobenzyl alcohol, but also 
enhanced the over-oxidation of 4-nitrobenzaldehyde (entry 3). As an alternative solution we opted to 
slow down the side-reaction, i.e. minimizing the contact between cyclohexanone and oxidized 
TEMPO. In Chapter 4 it was shown that the addition of 10% of THF rendered the proline catalyst 
in the polymersome membrane more accessible to the aqueous environment, which helped to speed 
up the asymmetric aldol reaction. Omitting THF from the reaction mixture would conversely mean 
that polar compounds, such as oxidized TEMPO, would be less likely to diffuse into the membrane. 
Indeed, performing the tandem reaction in a 100% aqueous environment increased the oxidation of 
4-nitrobenzyl alcohol to 71%, providing β-hydroxy ketone 4 in a 63% yield (entry 4).  
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Table 1. Oxidation-asymmetric aldol reaction sequence of 4-nitrobenzyl alcohol and cyclohexanone.a  
 
Entry Oxidizing agent Oxidizing 
agent (equiv) 
H2O:THF Time 
(h) 
Yield 1b 
(%) 
Yield 2b 
(%) 
Yield 3b 
(%) 
Yield 4b 
(%) 
1c TEMPO 0.3 90:10   24     6 74 20  - 
2 TEMPO 0.3 90:10   72   72   0   0 18 
3 TEMPO 2.0 90:10   72     0   1 99   0 
4 TEMPO 0.3 100:0   72   29   7   1 63 
5 
 
0.3 100:0   72   30 70   0   0 
6 4-hydroxy-
TEMPO 
0.3 100:0   72   58   1   0 41 
7 4-acetamido 
TEMPO 
0.3 100:0   72     5 33   3 59 
8 PS-TEMPOd 0.3 100:0   72 100   0   0   0 
9 SiliaCat 
TEMPOe 
0.3 100:0   72 100   0   0   0 
10 4-acetamido 
TEMPO 
0.5 100:0 168     0 18   3 79 
(a) Reactions were carried out at room temperature using cyclohexanone (0.24 mmol, 4.0 equiv), 4-
nitrobenzaldehyde (0.06 mmol, 1.0 equiv), laccase from Trametes versicolor (0.5 mg, ≥10 U/mg), L-proline-
functionalized polymersomes (catalyst concentration = 30 mol%) in Milli-Q (0.5 mL). (b) Crude yield 
determined by 1H NMR spectroscopy. (c) Reaction was performed without L-proline-functionalized 
polymersomes. (d) TEMPO, bound to polystyrene beads (1.0 mmol/g loading). (e) TEMPO, bound to silica 
gel (0.7 mmol/g loading). 
In order to further decelerate the undesired TEMPO-cycohexanone adduct formation a series of 
hydrophilic TEMPO derivatives were screened (entries 5–9).12 While 2,2,6,6-tetramethyl-4-[1-oxo-
6-(triethylammonio)hexylamino]-1-piperidinyloxy bromide reached a similar oxidation level as 
TEMPO, the subsequent asymmetric aldol reaction did not occur, which makes it unsuitable as 
mediator (entry 5). 4-Hydroxy-TEMPO, on the other hand, did furnish β-hydroxy ketone 4, 
although the oxidation of 4-nitrobenzyl alcohol already stopped at a 42% conversion (entry 6). The 
best result, however, was obtained with 4-acetamido-TEMPO. Not only did the oxidation proceed 
with almost full conversion (95%), the level of over-oxidation was kept to a minimum as well (3%) 
(entry 7). Also immobilized TEMPO analogues were tested, but since these mediators were not able 
to oxidize 4-nitrobenzyl alcohol (entries 8, 9), 4-acetamido-TEMPO was selected as oxidizing agent 
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of choice. Applying this mediator in a slightly higher concentration (0.5 equivalents) and extending 
the reaction time to 168 h provided β-hydroxy ketone 4 in a final optimization step with a yield of 
79% (entry 10). Because the diastereomeric ratio (anti/syn = 94/6) and the ee (98%) were not 
affected by the oxidation conditions, this oxidation-asymmetric aldol reaction sequence exemplifies 
an aqueous one-pot organo- and biocatalyzed tandem reaction in which chiral molecules are 
produced in high yields and excellent enantiomeric purities. 
5.3 One-pot two-step synthesis of chiral 1,3-diols through three sequential reactions catalyzed 
by laccase, L-proline-functionalized polymersomes, and alcohol dehydrogenase  
Chiral 1,3-diols are of great interest to chemists due to their presence in bioactive natural products, 
such as macrolides, and their use as building blocks in the synthesis of pharmaceutically active 
compounds.13 For this reason, much research has been dedicated to the stereoselective synthesis of 
1,3-diols.14 Regardless of the value of these methods, synthetic approaches which grant access to all 
four stereoisomers of the diol are still rather scarce. Gröger and coworkers developed an elegant one-
pot organo- and biocatalyzed reaction sequence for the stereoselective synthesis of 1,3-diols. By 
performing a proline-catalyzed aldol reaction and an enzymatic reduction in a successive order they 
could construct diols with perfect control over the chirality of both stereocenters.15 Inspired by this 
modular approach we sought to implement the diastereoselective biocatalyzed reduction of β-
hydroxy ketone 4 in the oxidation-asymmetric aldol reaction sequence to generate a one-pot 
synthesis of chiral 1,3-diols. As this cascade reaction would require an oxidizing enzyme and a 
reducing enzyme to be active in the same environment, we envisioned that a two-step procedure 
would be necessary to avoid substrate competition.16 
Since the optimal conditions for the oxidation-asymmetric aldol reaction sequence were known, 
attention was focused on the diastereoselective reduction. To this end, we screened 19 alcohol 
dehydrogenases (ADHs) on their ability to reduce 4 by introducing the enzymes to a solution of the 
β-hydroxy ketone in phosphate buffer, together with cofactor NADP+ and a stoichiometric amount 
of reducing agent isopropanol. After a reaction time of 72 h the products were extracted with 
CH2Cl2 and analyzed by 1H NMR. As illustrated in Table 2, three ADHs (KRED P1-B02, KRED 
P2-B02, and KRED P2-C02, entries 8, 15, 16) provided the 1,3-diol in satisfying yields (>80%). 
Moreover, it was noticed that the diastereoselectivity of KRED P1-B02 was opposed to that of 
KRED P2-B02 and KRED P2-C02, yielding the 1,3-diol in all three reactions as a single 
diastereoisomer.  
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Table 2. Screening of alcohol dehydrogenases for the diastereoselective reduction of β-hydroxy ketone 4.a 
 
Entry Enzyme Yieldb (%) Anti/syn Entry Enzyme Yieldb (%) Anti/syn 
1 KRED-P3-B03     0 - 11 KRED-P1-B12     1 0/>99 
2 KRED-P3-G09     0 - 12 KRED-P1-C01   67 >99/0 
3 KRED-P3-H12     7 >99/0 13 KRED-P1-H08   62 >99/0 
4 KRED-P2-D11     5 >99/0 14 KRED-P1-H10     0 - 
5 KRED-P2-D12   33 >99/0 15 KRED-P2-B02   85 >99/0 
6 KRED-P2-G03     3 >99/0 16 KRED-P2-C02   86 >99/0 
7 KRED-P1-A04     0 - 17 KRED-P2-C11     9 >99/0 
8 KRED-P1-B02 100 0/>99 18 KRED-P2-D03   65 >99/0 
9 KRED-P1-B05     1 0/>99 19 KRED-P2-H07     0 - 
10 KRED-P1-B10     1 0/>99     
(a) Reactions were carried out at 30 ˚C for 72 h using ADH (1.0 mg) β-hydroxy ketone 4 (25 µmol, 1.0 
equiv), NADP+ (2.5 µmol, 0.1 equiv) and isopropanol (50 µL) in phosphate buffer (625 mM, 0.45 mL, pH 
7.0). (b) Crude yield determined by 1H NMR spectroscopy. 
In order to determine the absolute configuration of the products, the diols were converted into their 
respective acetonides (Scheme 2) and subsequently characterized with nuclear Overhauser effect 
spectroscopy (NOESY). The cross-peaks between protons HA and HB in Figure 1a indicated a syn-
configuration for compound 9a, while the absence of these peaks in the NOESY spectrum of 
compound 9b (Figure 1b) implied an anti-configuration.   
 
Scheme 2. Syntheses of acetonides 9a and 9b. 
Having the desired enzymes in hand for the diastereoselective reduction of compound 4, we 
subsequently investigated the one-pot synthesis of 1,3-diols 8a and 8b. Substrate 4-nitrobenzyl 
alcohol 1 was therefore employed in the oxidation-asymmetric aldol reaction sequence for 7 days, 
after which KRED-P1-B02 was added together with isopropanol, NADP+ and phosphate salts. 
Stirring for another 7 days afforded 1,3 diol 8a in an overall yield of 78%, a de of >99% and an ee of 
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≥98% (Scheme 3). Analogously, exchanging KRED-P1-B02 for KRED-P2-C02 rendered 
compound 8b in an overall yield of 85%, a de of >99% and an ee of ≥98%. To our knowledge, 
these syntheses represent the first examples of organo- and biocatalyzed one-pot cascade reactions in 
which three consecutive steps are carried out in a fully aqueous reaction medium.  
 
Scheme 3. One-pot syntheses of 1,3-diols 8a and 8b 
5.4 Conclusions 
In the search for green synthetic strategies to reduce the environmental impact of chemical processes, 
we have developed a novel one-pot organo- and biocatalyzed cascade reaction for the syntheses of 
chiral β-hydroxy ketones. Applying both laccase and L-proline-functionalized polymersomes in the 
same aqueous reaction mixture allowed us to produce compound 4 in good yields and excellent 
enantio- and diastereoselectivities. Furthermore, by introducing an alcohol dehydrogenase (ADH) in 
a sequential step we managed to reduce the β-hydroxy ketone into the corresponding 1,3-diol 
without intermediate work-up. Depending on the choice of ADH, both the syn- and the anti-
diastereoisomer could be accessed in high overall yields and with diastereoselectivities of >99%. The 
possibility to perform three consecutive reactions in a one-pot process holds promise for future 
asymmetric cascade reactions in aqueous reaction media. 
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5.6 Experimental section 
See Chapter 2 for the general experimental section. See Chapter 4 for the preparation of L-proline- 
functionalized polymersomes and the characterization of compound 4. Alcohol dehydrogenases (KREDs) and 
KRED Recycle Mix P were purchased from Codexis, Inc.  
Typical procedure one-pot oxidation-asymmetric aldol reaction of 4-nitrobenzyl alcohol 
L-proline-functionalized polymersomes (10.9 mg dispersed in 0.5 mL Milli-Q) were transferred to a test tube 
charged with a stirring bar. Cyclohexanone (23.6 mg, 0.24 mmol, 4.0 equiv) was added, followed by 4-
acetamido-TEMPO (6.4 mg, 0.03 mmol, 0.5 equiv), 4-nitrobenzyl alcohol (9.2 mg, 0.06 mmol, 1.0 equiv) 
and laccase from Trametes versicolor (0.5 mg, ≥10 U/mg). The reaction mixture was stirred at rt for 7 d. 
Afterwards, a drop of 1 M HCl was added and the reaction mixture was extracted with CH2Cl2 (3 × 1 mL). 
The organic fractions were dried over Na2SO4, and concentrated in vacuo.  
Typical procedure enzymatic reduction of β-hydroxy ketones 
A solution of Recycle Mix P (75 mg) containing 625 mM potassium phosphate, 6.25 mM magnesium sulfate 
and 5.0 mM nicotinamide adenine dinucleotide phosphate (NADP+) in Milli-Q (0.45 mL) was transferred to 
an eppendorf vial to which β-hydroxy ketone 4 (6.2 mg, 0.025 mmol), isopropanol (50 µL) and KRED-P1-
B02 (1.0 mg) were added. The reaction mixture was shaken for 3 d at 30 ˚C after which the product was 
extracted with CH2Cl2 (3 × 1 mL), dried over Na2SO4, and concentrated in vacuo.  
(1R,2R)-2-((R)-Hydroxy(4-nitrophenyl)methyl)cyclohexanol (8a) 
Prepared as described above starting from β-hydroxy ketone 4 (49.9 mg, 0.20 mmol), 
Recycle Mix P (600 mg), isopropanol (400 µL), KRED-P1-B02 (4.0 mg) in Milli-Q 
(4.0 mL). Column chromatography (EtOAc/heptane, 1:1) yielded compound 8a (37.0 
mg, 74%) as a white solid, Rƒ 0.30 (EtOAc/heptane, 1:1). [α]
20
D = -16 (c 0.1, CH2Cl2). 
FT-IR (ATR): 3299, 2931, 2857, 1518, 1345, 1010, 855 cm-1. 1H NMR (CDCl3, 400 MHz): δ 8.23–8.17 
(m, 2H), 7.53–7.47 (m, 2H), 4.76 (br. s, 1H), 4.70 (d, J = 8.8 Hz, 1H), 3.70 (td, J = 10.2, 4.4 Hz, 1H), 
3.09 (br. s, 1H), 2.02–1.95 (m, 1H), 1.77–1.52 (m, 3H), 1.41–1.17 (m, 2H), 1.09–0.97 (m, 2H), 0.91–0.73 
(m, 1H). 13C NMR (CDCl3, 126 MHz): δ 150.1, 147.5, 128.1, 123.5, 80.1, 76.7, 50.2, 36.0, 27.5, 24.9, 
24.5. HRMS (CI): m/z calculated for C13H18NO4 (M+H)+: 252.1236, found 252.1235. 
(1S,2R)-2-((R)-Hydroxy(4-nitrophenyl)methyl)cyclohexanol (8b) 
Prepared as described above starting from β-hydroxy ketone 4 (49.9 mg, 0.20 mmol), 
Recycle Mix P (600 mg), isopropanol (400 µL), KRED-P2-C02 (4.0 mg) in Milli-Q 
(4.0 mL). Column chromatography (EtOAc/heptane, 1:1) yielded compound 8b (37.0 
mg, 74%) as a white solid, Rƒ 0.30 (EtOAc/heptane, 1:1). [α]20D = +40 (c 0.1, CH2Cl2). 
FT-IR (ATR): 3354, 2934, 2859, 1518, 1346, 973, 861 cm-1. 1H NMR (CDCl3, 400 MHz): δ 8.25–8.18 
(m, 2H), 7.57–7.51 (m, 2H), 4.85 (t, J = 5.4 Hz, 1H), 3.98 (br. s, 1H), 3.89 (d, J = 6.3 Hz, 1H), 1.97 (br. s, 
1H), 1.91–1.22 (m, 9H). 13C NMR (CDCl3, 126 MHz): δ 151.6, 147.1, 126.8, 123.5, 77.6, 67.5, 46.9, 
33.5, 25.4, 24.7, 20.0. HRMS (CI): m/z calculated for C13H18NO4 (M+H)+: 252.1236, found 252.1247. 
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(4R,4aR,8aR)-2,2-Dimethyl-4-(4-nitrophenyl)hexahydro-4H-benzo[d][1,3]dioxine (9a) 
p-Toluenesulfonic acid monohydrate (0.46 mg, 2.5 µmol, 5 mol%) was added to a 
solution of 1,3-diol 8a (12.5 mg, 0.05 mmol, 1.0 equiv) in acetone (2.0 mL). The 
reaction mixture was stirred at rt for 24 h. NaHCO3 (2.0 mg) was added and the 
reaction mixture was subsequently filtered and concentrated in vacuo. Column 
chromatography (EtOAc/heptane, 1:10) yielded compound 9a (13.0 mg, 90%) as a colorless oil. Rƒ 0.85 
(EtOAc/heptane, 1:1). [α]20D = +33 (c 0.1, CH2Cl2). FT-IR (ATR): 2934, 2858, 1519, 1347, 1098, 853 cm-1. 
1H NMR (CDCl3, 400 MHz): δ 8.23–8.18 (m, 2H), 7.55–7.49 (m, 2H), 4.60 (d, J = 10.2 Hz, 1H), 3.69 
(td, J = 10.2, 4.1 Hz, 1H), 1.95–1.75 (m, 2H), 1.68–1.60 (m, 1H), 1.59 (s, 3H), 1.52 (d, J = 0.5 Hz, 3H), 
1.45–0.91 (m, 6H). 13C NMR (CDCl3, 126 MHz): δ 147.6, 147.5, 128.1, 123.5, 99.4, 73.3, 47.8, 32.2, 
30.2, 25.6, 25.2, 24.6, 19.9. HRMS (CI): m/z calculated for C16H22NO4 (M+H)+: 292.1549, found 
292.1563. 
 (4R,4aR,8aS)-2,2-Dimethyl-4-(4-nitrophenyl)hexahydro-4H-benzo[d][1,3]dioxine (9b) 
Prepared as described above starting from 1,3-diol 8b. Column chromatography 
(EtOAc/heptane, 1:10) yielded compound 9b (8.0 mg, 55%) as a white solid. Rƒ 0.89 
(EtOAc/heptane, 1:1). [α]20D = +16 (c 0.1, CH2Cl2). FT-IR (ATR): 2926, 2854, 1521, 
1347, 1223, 1072, 852 cm-1. 1H NMR (CDCl3, 400 MHz): δ 8.23–8.18 (m, 2H), 7.57–
7.51 (m, 2H), 4.46 (d, J = 5.7 Hz, 1H), 4.16–4.12 (m, 1H), 1.98–1.84 (m, 1H), 1.78–1.65 (m, 4H), 1.60–
1.50 (m, 3H), 1.48 (d, J = 0.5 Hz, 3H), 1.45 (d, J = 0.5 Hz, 3H), 1.20–1.06 (m, 1H). 13C NMR (CDCl3, 
126 MHz): δ 150.5, 147.2, 126.5, 123.7, 101.1, 76.3, 64.3, 44.7, 29.9, 27.6, 25.9, 24.3, 24.2, 20.6. HRMS 
(CI): m/z calculated for C16H22NO4 (M+H)+: 292.1549, found 292.1567. 
Typical procedure one-pot synthesis of chiral 1,3-diols 
L-proline-functionalized polymersomes (10.9 mg dispersed in 0.5 mL Milli-Q) were transferred to a test tube 
charged with a stirring bar. Cyclohexanone (23.6 mg, 0.24 mmol, 4.0 equiv) was added, followed by 4-
acetamido-TEMPO (6.4 mg, 0.03 mmol, 0.5 equiv), 4-nitrobenzyl alcohol (9.2 mg, 0.06 mmol, 1.0 equiv) 
and laccase from Trametes versicolor (0.5 mg, ≥10 U/mg). The reaction mixture was stirred at rt for 7 d. Then, 
Recycle Mix P (150 mg) was added, followed by isopropanol (100 µL) and KRED-P1-B02 (4.0 mg). After 
stirring for another 7 d, the reaction mixture was acidified with 1 M HCl and extracted with CH2Cl2 (3 × 1 
mL). The organic fractions were subsequently dried over Na2SO4 and concentrated in vacuo. 
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Figure 1. NOESY analysis of acetonides (a) 9a and (b) 9b. 
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6.1 Introduction 
Shape transformations of giant vesicles have attracted much attention over the years.1 By adjusting 
the temperature, pH, osmotic pressure or composition of the membrane, liposomes have been 
turned into exotic structures like starfish, pears, stomatocytes or discocytes.2 The dynamic nature of 
the phospholipid membrane, however, makes these transitions transient and hinders the application 
potential of these unusual vesicular morphologies.  
Polymersomes, artificial vesicles made out of amphiphilic block copolymers, have emerged as 
multifunctional nanostructures in the last decade.3 The possibility to tailor the chemical design of 
the membrane allows for good control over the shape and the stiffness of the vesicle. This has been 
demonstrated in a number of reports regarding conformational changes of polymeric assemblies.3b,4 
In a recent publication we described a shape transition of polymersomes consisting of poly(ethylene 
glycol)-block-polystyrene  (PEG-b-PS) block copolymers.5 Dialysis of these polymersomes over an 
osmotic pressure difference led to a decrease of the inner volume of the vesicles and caused their 
membranes to deform into a stomatocyte-shaped arrangement. Subsequent quenching with water 
captured the morphology of the vesicles due to the high glass transition temperature (Tg) of the 
polystyrene block. This process was proven to be reversible in a controlled way by the introduction 
of plasticizing agents for the hydrophobic segment of the membrane. It was also shown that a range 
of different polymeric assemblies like kippahs and oblates could be generated through the kinetic 
entrapment of transient structures.6  
In our investigation on the shape transformation of polymersomes we continue to explore the 
responsiveness of the polymeric membrane towards different stimuli. Herein we show that a change 
in the chemical composition of the membrane, by means of the addition of a cross-linker, can cause 
the vesicle to stretch into a tubule. We demonstrate that this shape transformation is highly 
dependent on the initial design of the block copolymer and on the concentration and nature of the 
cross-linker. By the introduction of a reducible disulfide bridge inside the cross-linker we show that 
the shape transition is governed by a kinetic process which can be reversed by cleavage of the 
disulfide bond. 
6.2 Synthesis and characterization of tubular polymersomes 
We discovered the cross-linker-induced shape transformation when we were investigating the 
stabilization of polymersomes consisting of poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl 
azide) (PEG44-b-P(S-co-4-VBA)) polymers by means of a cross-linking reaction with BCN-cross-
linker 1 (Figure 1). 
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Figure 1. Schematic representation of the shape transformation of polymersomes 
This cross-linking technique is based on a strain-promoted alkyne-azide cycloaddition (SPAAC) 
reaction.7 The PEG-b-P(S-co-4-VBA) polymers were obtained out of poly(ethylene glycol)-b-
poly(styrene-co-4-vinylbenzyl chloride) (PEG-b-P(S-co-4-VBC) polymers, which were prepared via 
reversible addition-fragmentation chain transfer (RAFT) copolymerization between styrene and 4-
vinylbenzyl chloride (4-VBC). The cosolvent method was applied to produce the polymeric vesicles. 
Block copolymer P1 (Table 1) was dissolved in THF and Milli-Q was added at a rate of 1.0 mL/h 
until a H2O:THF content of 50% was reached. At this point the solution became cloudy, an 
indication for the presence of polymersomes. When we added increasing amounts of 1 to this 
solution we observed an interesting phenomenon (Figure 2). At a 1:1 (BCN/azide) cross-linker 
concentration the polymeric vesicles retained their spherical morphology with an average size of 600 
nm (Figures 2a, 4a). However, when we raised the amount of 1 to a 2:1 (BCN/azide) concentration, 
the polymersomes started to stretch in one dimension (Figure 2b). This elongation continued up to 
a 10:1 (BCN/azide) cross-linker concentration, when the polymersomes reached an average length of 
2 µm (Figures 2e, 2f, 4a). Adding more cross-linker did not result in longer vesicles (Figure 4a). 
To analyze the inner structure of the tubular polymersomes we studied the assemblies with cryogenic 
scanning electron microscopy (Cryo-SEM, Figure 3a) and cryogenic transmission electron 
microscopy (Cryo-TEM, Figure 3b). Both techniques confirmed the hollow lumen of the vesicles 
and revealed a membrane diameter of 25–35 nm, which did not significantly differ from the non-
cross-linked polymersomes. We further examined the hydrodynamic volume of the vesicles using 
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dynamic light scattering (DLS). Interestingly, the volume did not change after cross-linking, 
implying that the shape transformation is not the result of osmosis or a fusion process (Figure 4b).  
 
Figure 2. TEM images of polymersomes after addition increasing amounts of 1. (a) 1:1 (BCN/azide) cross-
linker concentration (b) 2:1 (BCN/azide) cross-linker concentration (c) 4:1 (BCN/azide) cross-linker 
concentration (e) 10:1 (BCN/azide) cross-linker concentration. The inset images (d) and (f) represent close-
ups of the polymersomes in (c) and (e), respectively. The TEM images were recorded after the polymersomes 
had been dialyzed against THF for 24 h. 
 
Figure 3. (a) Cryo-SEM and (b) Cryo-TEM images of tubular polymersomes 
We also determined the cross-linking density of the different polymersomes in Figure 2 by adding an 
excess of a dansyl-azide linker 2 (Figure 5b) to the dialyzed samples of cross-linked vesicles. Any 
BCN moiety that had not reacted with an azide handle inside the polymersomes could in this way be 
targeted by the dansyl-azide linker. This allowed us to measure the relative amount of 
monofunctionalized 1 using fluorescence spectroscopy (Figure 5a). For a quantitative assessment of 
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the cross-linking density we applied a correlation curve in which we plotted the degree of 
functionalization of block copolymer P1 with a dansyl-BCN linker 3 against the fluorescence 
intensity (Figure 10). This showed us that the cross-linking density remained very high (>94%) 
when up to 2.0 equivalents of cross-linker 1 were added to the polymersomes. Only in case when a 
5-fold excess of 1 was being used did the vesicles reveal an increased fluorescence intensity (Figure 
5c).  However, the cross-linking density was still 74% in this situation. 
 
       a)              b) 
 
 
 
 
 
Figure 4. (a) Distribution of polymersomes (sample size: 200) consisting of P1 block copolymers based on 
their length after addition different amounts of cross-linker 1. (b) DLS spectrum of polymersomes consisting 
of block copolymer P1 before (—) and after (—) cross-linking with compound 1. The polymersomes were 
dialyzed against Milli-Q for 24 h prior to DLS analysis 
 
Figure 5. (a) Fluorescence intensity plot of cross-linked polymersomes (Figures 2a-c, 2e) labeled with 
fluorophore 2. The percentages next to the data points represent the amount of labeled BCN moieties, which 
is the inverse of the cross-link density. (b) Chemical structure of dansyl-azide linker 2. (c) Confocal 
fluorescence image of tubular polymersomes (Figure 2e) labeled with fluorophore 2. The scale bar represents 
2 µm. 
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6.3 Mechanistic studies of shape transformation   
In order to get a better insight in the mechanism of the shape transformation, we synthesized block 
copolymers P2 and P3, in which respectively 13% and 5% of the styrene monomers were 
functionalized with azide handles (Table 1). While polymersomes consisting of P2 polymers 
changed into a tubular shape upon reaction with an excess of cross-linker 1 (Figure 6a), polymeric 
vesicles containing P3 polymers remained spherical under similar conditions (Figure 6b). 
Furthermore, block copolymers P4 and P5 were prepared in which the location of the 4-vinylbenzyl 
azide monomers in the hydrophobic block was modified. When the azides were positioned next to 
the hydrophilic PEG block, as in P4, tubular polymersomes were produced upon addition of an 
excess of 1 (Figure 6c). However, when they were located towards the middle of the hydrophobic 
domain, as in P5, the vesicles were converted into wormlike micellar structures (Figure 6d). This 
proves that not only the concentration of the azide handles, but also the location is crucial for the 
shape transformation. An explanation for these observations can be given by the area-difference-
elasticity (ADE) model which describes the energy of a fluid vesicle (1).1b,8 
HADE = κ

d ( +  − )	 + 	

	 
	
(∆− ∆)     (1) 
In eq 1  and  represent the curvatures along the two principal directions of the membrane, ∆ 
is the difference in area between the two monolayers when they are in a relaxed state, ∆ is the 
actual geometrical differential area between the two monolayers, κ represents the local bending 
modulus, α is the ratio between the local and non-local bending moduli, D is the diameter and  
the spontaneous curvature of the bilayer membrane. The latter parameter can be induced either by a 
different chemical environment on both sides of the membrane or by a different chemical 
composition of the two monolayers. The addition of an excess of 1 to the azide-functionalized 
polymersomes creates a gradient of cross-linker over the membrane. The azides close to the 
hydrophilic outer shell experience a higher local concentration of 1 than the azides attached to the 
inner leaflet of the polymersome. This subtle difference generates an asymmetry in the cross-link 
density of the membrane and can lead to a spontaneous curvature of the bilayer. Together with the 
fact that the total mass of the vesicle membrane increases and as a result the tension between the 
polymers, this can cause the polymersome to deform into a tubular shape, The short reaction time of 
the shape transformation (<1 min) shows that this process is most likely kinetically controlled.    
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Table 1. Investigation of polymer composition on the final morphology of the polymersomes. 
(a) Percentage of 4-vinylbenzyl azide monomers in the hydrophobic block. (b) Morphology of polymersomes 
1 h after adding a 10:1 (BCN/azide) cross-linker concentration of 1. (c) Polymersomes degraded after 15 h. 
 
Figure 6. TEM images of polymersomes, consisting of block copolymers P2 (a), P3 (b), P4 (c), P5 (d) and 
P6 (e), after addition of 5.0 equivalents of cross-linker 1. (f) TEM image of polymersomes, consisting of 
block copolymer P2, after addition of 5.0 equivalents of linker 4. 
To verify whether the actual SPAAC reaction was required for the tubule formation, we prepared 
polymersomes consisting of block copolymers P6 in which the azide groups were replaced with 
chloride functionalities. Due to the insensitivity of BCN towards chlorides, addition of an excess of 
1 did not produce cross-linked vesicles. At the same time the shape transformation did not occur as 
only spherical polymersomes could be recovered (Figure 6e). The necessity of the cross-link reaction 
for the shape transition was furthermore validated by the addition of 5.0 equivalents of linker 4 
Polymer Type Azide content (%)a Linker Morphologyb 
P1 PEG44-b-P(S128-co-4-VBA29) 18 1 tubular 
P2 PEG44-b-P(S108-co-4-VBA16) 13 1 tubular 
P3 PEG44-b-P(S133-co-4-VBA8)   5 1 spherical 
P4 PEG44-b-P(4-VBA)29-b-PS95 23 1 tubular 
P5 PEG44-b-PS95-b-P(4-VBA)29 23 1 micellar 
P6 PEG44-b-P(S128-co-4-VBC29)   0 1 spherical 
P2 PEG44-b-P(S108-co-4-VBA16) 13 4 sphericalc 
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(Figure 7a) to the vesicles. Because 4 contained only one BCN moiety per molecule a covalent 
connection between two polymers could not be established. Again the morphology of the 
polymersomes did not change upon addition (Figure 6f), although the vesicles eventually degraded 
when the dispersion was stirred for a prolonged time (15 h). 
 
Figure 7. Chemical structures of (cross-)linkers 4 (a) and 5 (b).  
6.4 Thermodynamic relaxation of tubular polymersomes 
Giant liposomes are known to transmute back into their thermodynamically most favored 
conformation when they are no longer exposed to external stimuli. Since our tubular polymersomes 
are formed via a kinetic entrapment pathway we wondered whether the vesicles would adopt a 
spherical morphology once the covalent bond between the polymers was cleaved.  To investigate this 
thermodynamic relaxation process we synthesized cross-linker 5 containing a reducible disulfide 
bridge (Figure 7b). Adding a 10:1 (BCN/azide) concentration of this cross-linker to polymersomes 
consisting of P2 block copolymers afforded tubular vesicles as expected (Figure 8a). In order to 
cleave the disulfide bridge we used an excess of tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP·HCl). Much to our satisfaction, the polymeric vesicles were completely transformed back 
into their original spherical configuration after only 30 min (Figure 8b). DLS data confirmed that 
the shape transition was not being caused by an osmotic pressure difference since the hydrodynamic 
volume of the vesicles remained constant during the relaxation process (Figure 9).  
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Figure 8. TEM images of thermodynamic relaxation of tubular polymersomes before (a) and after (b) 
addition TCEP·HCl. 
 
 
 
 
 
Figure 9. DLS spectrum of polymersomes consisting of P2 block copolymers, cross-linked with 5.0 
equivalents of cross-linker 5, before (—) and after (—) addition of 10.0 equivalents of TCEP·HCl. The 
polymersomes were dialyzed against Milli-Q for 24h prior to DLS analysis 
6.5 Conclusions 
In conclusion, we have developed a novel shape transformation technique for the preparation of 
tubular polymersomes, based on the chemical alteration of a polymeric bilayer. We have shown that 
the shape transition strongly depends on the architecture of the block copolymer and the 
concentration of the cross-linker. We have also demonstrated that the elongation can be reversed by 
the application of a cross-linker with a cleavable disulfide bond. The high degree of control over the 
shape transformation and the advantages of anisotropic particles over spherical particles make these 
polymersomes interesting objects as possible carriers for drug delivery.9 
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6.7 Experimental section 
See Chapter 2 for the general experimental section and the synthesis of cross-linker 1, as well as block 
copolymers P1–P3 and P6. 
Cryogenic TEM (Cryo-TEM) was performed on a JEOL TEM 2100 microscope.  A small droplet of the 
suspension (~3 µL) was placed on a holey carbon film supported on a TEM copper grid. Following the preset 
procedure of the Vitrobot vitrification system (FEI), the specimen was blotted and plunged into a liquid 
ethane reservoir cooled by liquid nitrogen. The vitrified samples were transferred to a Gatan 914 cryo-holder 
and cryo-transfer stage cooled by liquid nitrogen. During observation of the vitrified samples, the cryo-holder 
temperature was maintained below -175 °C to prevent sublimation of vitreous water. The images were 
recorded digitally by a Gatan 890 ultrascan CCD camera with the software package. A TECAN Infinite 200 
PRO plate reader was used to perform fluorescence intensity measurements. Confocal Laser Scanning 
Microscopy (CLSM) images were recorded on a Leica DM IRE2 TCS SP2 AOBS inverted microscope. A 
Vioflame diode laser was used to excite the dansyl labeled polymersomes. 
N-(3-Azidopropyl)-5-(dimethylamino)naphthalene-1-sulfonamide (2) 
Prepared according to literature reference.10 1H NMR (CDCl3, 400 MHz): δ 8.56 (d, J = 
8.6 Hz, 1H), 8.29–8.24 (m, 2H), 7.61–7.50 (m, 2H), 7.20 (d, J = 7.6 Hz, 1H), 4.91 (t, J 
= 6.3 Hz, 1H), 3.26 (t, J = 6.4 Hz, 2H), 2.98 (q, J = 6.5 Hz, 2H), 2.89 (s, 6H), 1.65 
(quin, J = 6.5 Hz, 2H).  
 
(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (5-(5-(dimethylamino)naphthalene-1-sulfonamido) 
pentyl)carbamate (3) 
To a solution of N-(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-
ylmethyloxycarbonyl 1,5-diaminopentane (50.0 mg, 0.180 mmol, 1.0 
equiv) in CH2Cl2 (5.0 mL) at rt were added Et3N (20.0 mg, 0.198 mmol, 
1.1 equiv) and a solution of dansyl chloride (53.0 mg, 0.198 mmol, 1.1 
equiv) in CH2Cl2 (5.0 mL). The reaction mixture was stirred for 4 h at rt, 
after which it was concentrated and purified over silica (EtOAc/heptane, 
1:2). Compound 3 was obtained (87 mg, 95%) as a yellow oil. Rƒ 0.43 
(EtOAc/heptane, 1:1). FT-IR (ATR): 3304, 2939, 2864, 1695, 1527, 1477, 
1355, 1245, 1143, 791, 731, 625, 571 cm-1. 1H NMR (CDCl3, 400 MHz): 
δ 8.55 (d, J = 8.5 Hz, 1H), 8.32–8.20 (m, 2H), 7.60–7.50 (m, 2H), 7.19 (d, J = 7.6 Hz, 1H), 4.68 (br. s, 
1H), 4.57 (br. s, 1H), 4.14 (d, J = 8.1 Hz, 2H), 3.08–2.96 (m, 2H), 2.92–2.84 (m, 8H), 2.35–2.15 (m, 6H), 
1.65–1.51 (m, 2H), 1.45–1.15 (m, 7H), 1.00–0.88 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 156.79, 
152.06, 134.70, 130.41, 129.90, 129.69, 129.63, 128.38, 123.21, 118.68, 115.19, 98.83, 62.71, 45.42, 
43.04, 40.46, 29.38, 29.06, 23.36, 21.44, 20.11, 17.79. HRMS (ESI) m/z calcd for C28H38N3O4S (M+H)+: 
512.2583, found: 512.2581. 
 
N
SO O
NHN3
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(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl tert-butyl ((ethane-1,2-diylbis(oxy))bis(ethane-2,1-
diyl))dicarbamate (4) 
To a solution of N-Boc-2,2′-(ethylenedioxy)diethylamine (42.6 mg, 
0.172 mmol, 1.0 equiv) in CH2Cl2 (1.5 mL) at 0 ˚C were added 
Et3N (19.1 mg, 0.189 mmol, 1.1 equiv) and (1R,8S,9s)-
bicyclo[6.1.0]non-4-yn-9-ylmethyl (2,5-dioxopyrrolidin-1-yl) 
carbonate (50.0 mg, 0.172 mmol, 1.0 equiv). The reaction mixture 
was stirred for 2 h at rt, after which it was quenched with saturated 
aqueous NH4Cl (3 mL). The product was extracted with CH2Cl2 (3 × 3 mL), washed with brine (10 mL), 
dried (Na2SO4) and concentrated in vacuo. Column chromatography (EtOAc/heptane, 2:1) yielded 
compound 4 (40.0 mg, 55%) as a colorless oil. Rƒ 0.27 (EtOAc/heptane, 1:1). FT-IR (ATR): 3342, 2925, 
1721, 1524, 1366, 1251, 1137 cm-1. 1H NMR (CDCl3, 400 MHz): δ 5.26 (br. s, 1H), 5.06 (br. s, 1H), 4.16 
(d, J = 8.0 Hz, 2H), 3.65–3.52 (m, 8H), 3.43–3.27 (m, 4H), 2.35–2.15 (m, 6H), 1.65–1.52 (m, 2H), 1.45 
(s, 9H), 1.42–1.32 (m, 1H), 1.00–0.90 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 156.75, 155.96, 109.99, 
98.81, 70.30, 62.74, 40.81, 40.35, 29.04, 28.40, 21.42, 20.10, 17.77. HRMS (ESI) m/z calcd for 
C22H37N2O6 (M+H)+: 425.2652, found: 425.2642.  
Bis((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl) 2,2'-disulfanediyldiacetate (5) 
To a solution of (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethanol (50.0 mg, 
0.333 mmol, 2.0 equiv) in CH2Cl2  (3 mL) at rt were added DMAP (8.1 mg, 
0.066 mmol, 0.4 equiv), EDC·HCl (95.7 mg, 0.499 mmol, 3.0 equiv) and 
dithiodiglycolic acid (30.3 mg, 0.166 mmol, 1.0 equiv). The reaction mixture 
was stirred for 4 h at rt, after which it was quenched with H2O (3 mL). The 
two layers were separated and the organic phase was washed subsequently with 
saturated aqueous NaHCO3 (3 mL) and saturated aqueous NH4Cl (3 mL). 
Next, the organic fraction was dried over Na2SO4 and concentrated in vacuo. 
Column chromatography (EtOAc/heptane, 1:3) yielded compound 5 (58.0 mg, 78%) as a yellow solid. Rƒ 
0.79 (EtOAc/heptane, 1:1).  FT-IR (ATR): 2917, 2851, 1725, 1279, 1128, 975 cm-1. 1H NMR (CDCl3, 400 
MHz): δ 4.25 (d, J = 8.2 Hz, 4H), 3.60 (s, 4H), 2.35–2.15 (m, 12H), 1.65–1.30 (m, 4H), 1.47–1.35 (m, 
2H), 1.03–0.95 (m, 4H). 13C NMR (126 MHz, CDCl3): δ 169.57, 98.90, 64.00, 41.61, 29.20, 21.53, 
20.43, 17.44.  
Poly(ethylene glycol)-b-poly(4-vinylbenzyl azide)-b-polystyrene (PEG44-b-P(4-VBA)29-b-PS95) (P4) 
A flame-dried Schlenk tube equipped with a stirring bar was 
loaded with purified 4-vinylbenzyl chloride (1.63 g, 9.60 mmol, 
160 equiv), PEG44-CTA (137 mg, 0.06 mmol, 1.0 equiv) and 
AIBN (2.0 mg, 0.012 mmol, 0.2 equiv). The mixture was 
degassed by three freeze-pump-thaw cycles. The Schlenk tube was 
then immersed in a preheated oil bath of 70 °C and the 
polymerization was monitored by 1H NMR spectroscopy. When a 20% conversion was reached, the 
polymerization was terminated by removing the Schlenk tube from the oil bath. After the reaction mixture 
had cooled down to room temperature, it was diluted with CHCl3 and transferred to a round-bottom flask. 
The product was precipitated by the addition of cold MeOH (250 mL) and subsequently filtered over a glass 
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filter. The latter three steps were repeated three times to remove excess monomer. The resulting dark pink 
solid was dried in vacuo and added to a flame-dried Schlenk tube. Styrene (1.00 g, 9.60 mmol, 160 equiv) 
and AIBN (2.0 mg, 0.012 mmol, 0.2 equiv) were added and the mixture was degassed by three freeze-pump-
thaw cycles. Subsequent submersion of the Schlenk tube in a preheated oil bath of 70 °C initiated the 
polymerization. When a 60% conversion was reached, the polymerization was terminated by removing the 
Schlenk tube from the oil bath. Following the work-up procedure as described above afforded a light pink 
solid which was transferred to another flame-dried Schlenk tube. NaN3 (226 mg, 3.48 mmol, 58 equiv) and 
DMF (2.0 mL) were added and the mixture was stirred at room temperature for 3 days. The reaction mixture 
was then diluted with CHCl3 and transferred to a round-bottom flask. Precipitation was induced upon 
addition of cold MeOH and the resulting white solid P4 was filtered and dried in vacuo. Yield (302 mg). 1H 
NMR (CDCl3, 400 MHz): δ 7.26–6.30 (m, arom. H), 4.35–4.10 (br. s, -CH2N3), 3.70–3.57 (br. s, PEG 
backbone), 2.40–1.10 (m, P(4-VBA)-b-PS backbone). Mn (1H NMR) = 16.6 kDa. Mn (MALLS) = 17.3 kDa. 
PDI = 1.26. 
Poly(ethylene glycol)-b-polystyrene-b-poly(4-vinylbenzyl azide) (PEG44-b-PS95-b-P(4-VBA)29) (P5) 
A flame-dried Schlenk tube equipped with a stirring bar was 
loaded with styrene (667 mg, 6.40 mmol, 320 equiv), PEG44-CTA 
(45.7 mg, 0.02 mmol, 1.0 equiv) and AIBN (0.7 mg, 0.004 
mmol, 0.2 equiv). The mixture was degassed by three freeze-
pump-thaw cycles. The Schlenk tube was then immersed in a 
preheated oil bath of 80 °C and the polymerization was monitored 
by 1H NMR spectroscopy. When a 30% conversion was reached, the polymerization was terminated by 
removing the Schlenk tube from the oil bath. After the reaction mixture had cooled down to room 
temperature, it was diluted with CHCl3 and transferred to a round-bottom flask. The product was 
precipitated by the addition of cold MeOH (250 mL) and subsequently filtered over a glass filter. The latter 
three steps were repeated three times to remove excess monomer. The resulting light pink solid was dried in 
vacuo and added to a flame-dried Schlenk tube. Purified 4-vinylbenzyl chloride (657 mg, 3.88 mmol, 194 
equiv) and AIBN (0.7 mg, 0.004 mmol, 0.2 equiv) were added and the mixture was degassed by three freeze-
pump-thaw cycles. Subsequent submersion of the Schlenk tube in a preheated oil bath of 70 °C initiated the 
polymerization. When a 15% conversion was reached, the polymerization was terminated by removing the 
Schlenk tube from the oil bath. Following the work-up procedure as described above afforded a light pink 
solid which was transferred to another flame-dried Schlenk tube. NaN3 (75.4 mg, 1.16 mmol, 58 equiv) and 
DMF (1.0 mL) were added and the mixture was stirred at room temperature for 3 days. The reaction mixture 
was then diluted with CHCl3 and transferred to a round-bottom flask. Precipitation was induced upon 
addition of cold MeOH and the resulting white solid P5 was filtered and dried in vacuo. Yield (26 mg). 1H 
NMR (CDCl3, 400 MHz): δ 7.26–6.30 (m, arom. H), 4.35–4.10 (br. s, -CH2N3), 3.70–3.60 (br. s, PEG 
backbone), 2.40–1.20 (m, PS-b-P(4-VBA) backbone). Mn (1H NMR) = 16.6 kDa. Mn (MALLS) = 22.7 kDa. 
PDI = 1.22. 
General procedure tubular polymersomes preparation 
Block copolymer P1 (2.0 mg, 0.10 µmol, 2.9 µmol of azides, 1.0 equiv) was dissolved in THF (1.0 mL) in a 
scintillation vial. 1.0 mL of ultrapure water (Milli-Q, 18.2 MΩ) was added dropwise within 1 hour while 
stirring the solution at 700 rpm. The polymersomes were allowed to self-assemble for 30 min. Then, cross-
linker 1 (7.2 mg, 0.015 mmol, 5.0 equiv) dissolved in THF (100 µL) was added. The dispersion was stirred 
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for 1 hour after which the polymersomes were transferred to a dialysis membrane (MWCO 30 kDa). The 
polymersomes were subsequently dialyzed against either Milli-Q or THF for 24 hours to remove the excess of 
cross-linker. Samples (20 µL) were taken before and after dialysis, quenched with ultrapure water (80 µL) and 
analyzed with TEM and DLS. Increasing the water content from 50% to 90% caused the hydrophobic 
domain of the polymersomes to undergo a phase transition from a flexible state to a glassy rigid state. In this 
way we could study the morphology of the polymersomes at different time intervals and show that the shape 
transformation took place already one minute after the addition of the cross-linker. Samples that were 
dialyzed against THF were directly loaded on a copper grid and analyzed with TEM.  
Procedure determination cross-linking density of polymersomes 
Polymersomes were prepared as described above starting from block copolymer P1 (10.0 mg, 0.50 µmol, 14.5 
µmol of azides), THF (5.0 mL), and ultrapure water (5.0 mL).  After self-assembly, the polymersomes were 
divided into five samples of 2.0 mL each. A solution of cross-linker 1 (100 mg/mL) in THF was added in the 
following amounts: 72.6 µL, 29.0 µL, 14.5 µL and 7.3 µL to create polymersome dispersions with a 10:1 
(BCN/azide), 5:1 (BCN/azide), 2:1 (BCN/azide) and 1:1 (BCN/azide) cross-link concentration, respectively. 
The last sample of polymersomes was not subjected to cross-linker 1 and was used as a control. All five 
polymersome dispersions were stirred for 15 h and dialyzed afterwards against Milli-Q for 24 h to remove the 
excess of cross-linker. Next, 2.0 mL of THF was added to replasticize the membrane of the polymersomes, 
followed by the addition of dansyl-azide linker 2 (4.83 mg, 0.015 mmol, 5.0 equiv, 97 µL of a 50 mg/mL 
solution in THF). The polymersomes were subsequently stirred for 15 h and dialyzed against THF for three 
days to remove the excess of 2. The final volume was adjusted to 2.0 mL with THF and the fluorescence 
intensity was measured using a plate reader (excitation wavelength: 340 nm, emission wavelength: 578 nm).  
A calibration curve was prepared to quantify the amount of fluorescence intensity. To four vials containing 
2.0 mg (0.10 µmol, 2.9 µmol of azides, 1.0 equiv) of block copolymer P1 was added a solution of dansyl-
BCN linker 3 (10 mg/mL) in THF in the following amounts: 148 µL (1.48 mg, 2.9 µmol), 74 µL (0.74 mg, 
1.45 µmol), 37 µL (0.37 mg, 0.73 µmol), and 0 µL. The final volume was adjusted to 2.0 mL with THF and 
the four solutions were stirred for 15 h at rt. Afterwards, the fluorescence intensity was measured using a plate 
reader (excitation wavelength: 340 nm, emission wavelength: 578 nm). The four data points were plotted and 
a linear regression line was fitted using the least squares approach to obtain the calibration curve (Figure 10). 
The cross-link density was determined by taking the inverse of the degree of labeling of each sample.  
 
 
 
 
Figure 10. Calibration curve 
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Procedure thermodynamic relaxation of tubular polymersomes 
Tubular polymersomes were prepared as described above starting from block copolymer P2 (2.0 mg, 0.13 
µmol, 2.0 µmol of azides, 1.0 equiv) and cross-linker 5 (4.5 mg, 0.010 mmol, 5.0 equiv) dissolved in THF 
(100 µL). The dispersion was stirred for 1 h after which the polymersomes were transferred to a dialysis 
membrane (MWCO 30 kDa). The polymersomes were subsequently dialyzed against THF for 24 hours to 
remove the excess of cross-linker. The final volume was adjusted to 2.0 mL with THF. Next, Milli-Q (2.0 
mL) and TCEP·HCl (5.7 mg, 0.020 mmol, 10.0 equiv) were added and a sample was taken after 30 minutes. 
The vesicles were analyzed with TEM and DLS.  
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7.1 Summary 
Undesired side-reactions, instable transition states and low solubilities of substrates and products 
have been the prime reasons for the limited amount of papers that have appeared over the years on 
asymmetric metal or organocatalysis in water. In this thesis we have attempted to overcome these 
obstacles by the virtue of a catalyst compartmentalization strategy. We anticipated that the 
immobilization of a metal or organocatalyst inside the hydrophobic membrane of a polymersome 
would yield a nanoreactor in which the catalyst is sheltered from the aqueous environment. 
Furthermore, we expected that the membrane could serve as a reservoir for hydrophobic substrates 
which could potentially increase the effective substrate concentration and therefore the activity of the 
catalyst.  
To test these hypotheses, the block copolymers of which the polymersomes were made had to be 
modified with anchor points for catalyst immobilization. The synthesis of such poly(ethylene 
glycol)-polystyrene (PEG-PS) amphiphilic block copolymers is described in Chapter 2. Reactive 
azide- or isocyanate-containing moieties were introduced in the hydrophobic block of the polymer 
by RAFT polymerization which provided good control over the length of the polymer and the 
degree of functionalization. It was furthermore shown that these polymers could be assembled into 
uniform polymersomes by the co-solvent method in which the hydrophilicity of the solvent was 
gradually increased. The accessibility of the anchor points inside the membrane was demonstrated 
with the addition of an external cross-linker. Based on amine-isocyanate or CuAAC/SPAAC 
chemistry, this afforded fully cross-linked polymersomes that showed high resistance against organic 
solvents. As such, the polymersomes could be employed as building blocks for the preparation of 
Pickering emulsions in biphasic biocatalytic reactions.  
The immobilization of a chiral copper-bis(oxazoline) catalyst inside the polymersome bilayer is 
discussed in Chapter 3. A CuAAC reaction between the reactive azide moieties inside the membrane 
and a bis(oxazoline) ligand modified with two alkyne tails provided the catalytic polymersomes with 
high catalyst loadings. Once employed in the asymmetric cyclopropanation reaction between ethyl 
diazoacetate and styrene, the observed conversions and enantioselectivities were comparable to the 
performance of the homogeneous catalyst in organic solvents. The hydrophobic environment around 
the catalyst was furthermore demonstrated by the addition of styrene derivatives with varying 
polarities. Hydrophobic substrates were readily converted into the corresponding cyclopropanes, 
while hydrophilic substrates did not undergo any reaction. 
Inspired by these results, we set out to immobilize other catalysts inside the polymersome bilayer. 
Chapter 4 reports the preparation of L-proline-functionalized polymersomes and their subsequent 
use in the asymmetric aldol reaction of cyclohexanone and 4-nitrobenzaldehyde. The rate of this 
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reaction turned out to be highly dependent on the substrate concentration, the catalyst loading per 
polymersome, and the amount of plasticizer present in the aqueous solution. Once optimized, this 
reaction could produce β-hydroxy ketones in excellent yields and enantioselectivities. Moreover, a 
recycling study was performed which revealed that the polymersomes could be reused up to five 
times without losing any catalytic activity.  
Chapter 5 describes the combination of an asymmetric aldol reaction catalyzed by L-proline-
functionalized polymersomes with a laccase-catalyzed oxidation step to generate β-hydroxy ketones 
out of 4-nitrobenzyl alcohol and cyclohexanone in a one-pot one-step procedure. High yields and 
excellent enantio- and diastereoselectivities were obtained after the optimal conditions for the 
cascade reaction had been established. Furthermore, it was shown that through the addition of an 
alcohol dehydrogenase in a sequential step the β-hydroxy ketones could be reduced to the 
corresponding 1,3-diols with excellent diastereoselectivity and without any intermediate work-up.  
A novel application for azide-functionalized polymersomes is discussed in Chapter 6. In addition to 
their function as catalyst support, it was discovered that these vesicles can undergo a sphere-to-tubule 
shape transformation upon addition of an excess of cross-linker, which makes them interesting 
candidates for artificial organelles or carriers for drug delivery. It was shown that the shape transition 
depended strongly on the architecture of the block copolymer and the concentration of the cross-
linker. Furthermore, it was demonstrated that the elongation could be reversed by the use of a 
reduction-sensitive cross-linker.  
7.2 Perspective 
The results in this thesis illustrate the potential of polymersomes for application as nanoreactors in 
aqueous asymmetric reactions. For both the asymmetric cyclopropanation reaction as well as the 
asymmetric aldol reaction did the immobilization of the particular catalyst in the polymersome 
membrane cause a significant improvement in yield and chemoselectivity of the reaction. Work-up 
procedures were simplified by utilization of the hydrophilic nature of the polymersome shell, which 
allowed an easy extraction step to be sufficient to separate the catalyst from the product. L-proline-
functionalized polymersomes could be recycled up to five times while maintaining their catalytic 
activity. In addition, these polymersomes showed good compatibility with enzymes which allowed a 
three-step cascade reaction to be carried out in the same pot.  
Despite these apparent advantages there are still some issues that need to be addressed before 
polymersomes can find their way from lab-scale experiments to industrial-scale processes. One of 
these points of concern is the stability of the polymersome dispersion. It was noted during the 
Chapter 7 
  
 
114 
  
asymmetric cyclopropanation reactions that the polymersomes started to precipitate after 15 min, 
which was probably caused by an accumulation of product in the membrane. On a lab scale this 
could be prevented by a quick extraction of the products directly after the reaction had reached full 
completion. On an industrial scale, however, this would not be such a straightforward process.   
Another disadvantage of extraction as work-up method is the need for organic solvents. As the aim 
of this thesis was the development of green alternatives for asymmetric catalysis, the use of 
dichloromethane or ethyl acetate for product isolation would be hard to justify. Alternative work-up 
methods have to be explored in order to increase the sustainable character of the concept. An option 
could be to use supercritical carbon dioxide as extraction solvent, which is currently already applied 
on an industrial level for the isolation of caffeine.  
Regarding the cascade reactions described in Chapter 5, a major improvement would be realized if 
the enzymes were to be encapsulated inside the lumen of the polymersomes. Not only would this 
provide extra protection to the enzymes, it would theoretically also allow the introduction of 
directionality to an otherwise multidirectional cascade reaction since the molecules would have to 
pass the catalysts in the membrane before they would be able to reach the biocatalysts. Even catalyst 
recycling would become a realistic option with these multicatalyst-containing nanoreactors. However, 
the currently applied polymersome self-assembly technique did not afford high enough enzyme 
loadings to observe activity in the cascade reaction. Alternative polymersome preparation methods, 
such as the dewetting of a double emulsion droplet or the use of a pH switch, could provide a 
solution here.  
As a final remark it should be noted that all reactions investigated in this thesis have already proven 
their value in organic reaction media. The confined volume of the polymersome membrane however, 
enables the catalyst and substrates to react in concentrations that are unprecedented in homogeneous 
catalysis. This could in theory lead to new modes of catalysis and the formation of novel chiral 
molecules. A highly exciting challenge lies therefore in the search for these reactions, the discovery of 
which would definitely establish the importance of polymersomes and mark a new era in the field of 
asymmetric catalysis. 
7.3 Samenvatting 
Ongewenste nevenreacties, instabiele transitietoestanden en lage oplosbaarheden van substraten en 
producten zijn de voornaamste redenen voor het beperkt aantal artikelen dat over de jaren 
verschenen is over asymmetrische metaal- en organokatalyse in water. In dit proefschrift hebben we 
geprobeerd om deze obstakels te overwinnen met behulp van een katalysator-
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compartimentalisatiestrategie. We voorzagen dat de immobilisatie van een metaal- of 
organokatalysator in het hydrofobe membraan van een polymeersoom, een nanoreactor zou 
opleveren waarin de katalysator afgeschermd zou zijn van de waterige omgeving. Daarnaast 
verwachtten we dat het membraan zou kunnen dienen als reservoir voor hydrofobe substraten 
waardoor de effectieve substraatconcentratie alsmede de activiteit van de katalysator potentieel 
vergroot zouden kunnen worden.  
Het testen van deze hypotheses maakte het noodzakelijk om de blokcopolymeren waaruit de 
polymeersomen opgebouwd zijn uit te rusten met ankerpunten voor de immobilisatie van 
katalysatoren. De synthese van dergelijke polyethyleenglycol-polystyreen (PEG-PS) amfifiele 
blokcopolymeren is beschreven in Hoofdstuk 2. Reactieve azide- of isocyanaatbevattende groepen 
werden geïntroduceerd in het hydrofobe blok van het polymeer door middel van RAFT-
polymerisatie dat een goede controle gaf over de lengte van het polymeer en de mate van 
functionalisatie. Verder is bewezen dat deze polymeren geassembleerd konden worden tot uniforme 
polymeersomen met behulp van de “cosolvent” methode waarbij de hydrofiliciteit van het 
oplosmiddel geleidelijk verhoogd werd. De toegankelijkheid van de ankerpunten is aangetoond door 
het toevoegen van een externe crosslinker. Gebaseerd op amine-isocyanaat of CuAAC/SPAAC 
chemie resulteerde dit in volledig gecrosslinkte polymeersomen die een hoge weerstand boden tegen 
organische oplosmiddelen. In deze hoedanigheid konden de polymeersomen gebruikt worden als 
bouwstenen voor de bereiding van Pickering emulsies in tweefasen biokatalytische reacties.  
De immobilisatie van een chirale koper-bis(oxazoline)katalysator in de bilaag van een polymeersoom 
is bediscussieerd in Hoofdstuk 3. Een CuAAC-reactie tussen de reactieve azidegroepen binnenin het 
membraan en een bis(oxazoline)ligand uitgerust met twee alkynstaarten leidde tot katalytische 
polymeersomen met hoge katalysatorbeladingen. Eenmaal toegepast in de asymmetrische 
cyclopropaneringsreactie tussen ethyldiazoacetaat en styreen bleken de waargenomen conversies en 
enantioselectiviteiten overeenkomstig te zijn aan de prestaties van de homogene katalysator in 
organische oplosmiddelen. De hydrofobe omgeving rondom de katalysator is verder aangetoond  
door middel van het toevoegen van styreenderivaten met wisselende polariteiten. Hydrofobe 
substraten werden gemakkelijk omgezet in de corresponderende cyclopropanen, terwijl hydrofiele 
substraten geen enkele reactie ondergingen.  
Geïnspireerd door deze resultaten trachtten we andere katalysatoren te immobiliseren in de 
polymeersoombilaag. Hoofdstuk 4 beschrijft de bereiding van polymeersomen, gefunctionaliseerd 
met L-prolinekatalysatoren, en het gebruik hiervan in de asymmetrische aldolreactie tussen 
cyclohexanon en 4-nitrobenzaldehyde. De snelheid van deze reactie bleek sterk afhankelijk te zijn 
van de substraatconcentratie, de katalysatorbelading per polymeersoom, en de 
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weekmakerconcentratie in de waterige oplossing. Eenmaal geoptimaliseerd produceerde deze reactie 
β-hydroxyketonen met uitmuntende opbrengsten en enantioselectiviteiten. Bovendien bleek uit een 
recyclingonderzoek dat de polymeersomen tot vijf keer toe hergebruikt konden worden zonder dat 
dit gepaard ging met een afname aan katalytische activiteit.  
Hoofdstuk 5 beschrijft de combinatie van een asymmetrische aldolreactie, gekatalyseerd door L-
prolinegefunctionaliseerde polymeersomen, met een laccasegekatalyseerde oxidatiestap voor de één-
pot-één-stapsbereiding van β-hydroxyketonen uit cyclohexanon en 4-nitrobenzylalcohol. Hoge 
opbrengsten en uitstekende enantio- en diastereoselectiviteiten konden worden behaald na het 
bepalen van de optimale condities voor deze cascadereactie. Daarnaast is aangetoond dat door het 
toevoegen van een alcoholdehydrogenase in een vervolgstap, de β-hydroxyketonen gereduceerd 
konden worden tot de corresponderende 1,3-diolen met uitstekende diastereoselectiviteit en zonder 
enige tussentijdse opwerking.  
Een nieuwe toepassing voor azidegefunctionaliseerde polymeersomen is besproken in Hoofdstuk 6. 
Naast het vervullen van de functie van katalysatordrager is ontdekt dat deze vesikels een bol-naar-
tubule vormverandering konden ondergaan wanneer een overmaat van een crosslinker werd 
toegevoegd, waarmee het potentieel interessante kandidaten zijn voor kunstmatige organellen of 
dragers voor medicijnafgifte. Het is aangetoond dat deze vormverandering sterk afhankelijk was van 
de architectuur van het blokcopolymeer en de concentratie van de crosslinker. Verder is bewezen dat 
de transformatie teruggedraaid kon worden door het gebruik van een reductiegevoelige crosslinker.  
7.4 Perspectief 
De resultaten in dit proefschrift illustreren de potentie van polymeersomen als nanoreactoren in 
waterige asymmetrische reacties. Voor zowel de asymmetrische cyclopropaneringsreactie als de 
asymmetrische aldolreactie zorgde de immobilisatie van de specifieke katalysator voor een 
significante toename van de opbrengst en chemoselectiviteit van de reactie. Opwerkingsprocedures 
werden versimpeld door gebruik te maken van de hydrofiele eigenschap van het polymeren 
membraan, waardoor een simpele extractie voldoende was om de katalysator te scheiden van het 
product. L-prolinegefunctionaliseerde polymeersomen konden tot vijf keer toe gerecycled worden 
terwijl de katalytische activiteit behouden bleef. Ten slotte lieten de polymeersomen een goede 
compatibiliteit zien met enzymen, zodat een driestapscascadereactie kon worden uitgevoerd in één 
pot.  
Ondanks deze duidelijke voordelen zijn er een aantal hindernissen die genomen moeten worden 
voordat polymeersomen hun weg kunnen vinden van labschaalexperimenten tot processen op 
 Summary and Perspective 
  
  
117 
  
industriële schaal. Eén van deze aandachtspunten betreft de stabiliteit van de polymeersoomdispersie. 
Tijdens de asymmetrische cyclopropaneringsreactie is waargenomen dat de polymeersomen na 15 
minuten begonnen te precipiteren, waarschijnlijk veroorzaakt door een opeenstapeling van het 
product in het membraan. Op labschaal kon dit voorkomen worden door een snelle extractie van de 
producten direct nadat de reactie was afgelopen. Op industriële schaal zal dit echter niet zo 
eenvoudig gaan.  
Een ander nadeel van extractie als opwerkingsmethode heeft te maken met de noodzaak voor 
organische oplosmiddelen. Aangezien het doel van het onderzoek in dit proefschrift het ontwikkelen 
van groene alternatieven voor asymmetrische katalyse was, valt dit lastig te rijmen met het gebruik 
van dichloormethaan of ethylacetaat als oplosmiddel voor productisolatie. Alternatieve 
opwerkingsmethodes moeten onderzocht worden om de duurzaamheid van het concept te vergroten. 
Een mogelijkheid kan het gebruik van superkritische koolstofdioxide zijn als extractieoplosmiddel 
wat momenteel al gebruikt wordt op industrieel niveau voor de isolatie van cafeïne.  
Met betrekking tot de cascadereactie beschreven in Hoofdstuk 5, zou een grote verbetering 
gerealiseerd kunnen worden als de enzymen binnenin de lumen van het polymeersoom 
geëncapsuleerd zouden zijn. Niet alleen zou dit extra bescherming bieden aan het enzym, het zou 
theoretisch gezien ook richting kunnen geven aan een anders richtingloze cascadereactie aangezien de 
moleculen eerst het membraan moeten passeren voordat ze de biokatalysatoren in de lumen kunnen 
bereiken. Zelfs katalysatorrecycling kan een realistische optie worden met deze 
multikatalysatorbevattende nanoreactoren. Vooralsnog levert de huidige 
polymeersoomassembleertechniek niet voldoende hoge enzymbeladingen op om activiteit waar te 
nemen in de cascadereactie. Alternatieve polymeersoombereidingsmethodes als het “dewetten” van 
dubbele-emulsiedruppels en het gebruik van een pH-schakelaar moeten daarom onderzocht worden 
om hier het hoofd aan te kunnen bieden.  
Tot slot moet opgemerkt worden dat alle reacties die in dit proefschrift onderzocht zijn hun waarde 
inmiddels al hebben aangetoond in organische oplosmiddelen. Het beperkte volume van het 
polymeersoommembraan zorgt er echter voor dat de katalysator en de substraten kunnen reageren in 
concentraties die ongekend zijn op het gebied van de homogene katalyse. Dit zou in theorie kunnen 
leiden tot onontdekte wijzen van katalyse en de vorming van nieuwe chirale moleculen. Een hoogst 
enerverende uitdaging ligt daarom in de zoektocht naar deze reacties, waarvan de ontdekking het 
belang van polymeersomen definitief zou bevestigen en een nieuw tijdperk zou markeren in het veld 
van de asymmetrische katalyse. 
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